REMARKS/ARGUMENTS 

Status of the Claims. 

Claims 1, 3-6, 12-15, 17, 19-23, and 25 are currently pending in this application. 
Claims 1, 12, 14, and 17 are amended herein. The changes introduce no new matter and are 
fully supported by the application as filed. The current Office Action rejected claims 1, 3-6, 
12, 13, 17, 19-23, and 25 as allegedly obvious under 35 U.S.C. § 103(a) as to Kramer et al 
(1995) in view of Urschel et al (1990), Althaus (WO 9303140), Unger et al (EP 731,108) 
and Unger et al (1995) and in further view of Weiner et al (USPN 5,935,577). 
Additionally, claims 14 and 15 were rejected under 35 U.S.C. §103(s) as allegedly obvious as 
to Kramer et al (1995) in view of Urschel et al (1990), Althaus (WO 9303140), Unger et al 
(EP 731,108) and Unger et al (1995) and in further view of Hammang et al (USPN 
5,904,144) and The Merck Manual (p. 1091). Applicants respectfully traverse. 

Amendments to the claims. 

In order to more clearly claim the current embodiment, claims 1, 12, 14, and 17 are 
amended herein to specify that the suppression of demyelination by NGF in the invention 
occurs within the central nervous system (CNS) of the human or nonhuman primate. Support 
for such change is replete throughout the application as filed. For example, page 12, first 
paragraph; page 16, last paragraph; page 17 last paragraph, etc. Because the change 
introduces no new matter. Applicants respectfully request its entry. 

35 U.S,C, §103(a). 

Claims 1, 3-6, 12, 13, 17, 19-23, and 25 were rejected under 35 U.S.C. §103(a) as 
allegedly unpatentable over Kramer et al {Nature Medicine, 1995, 1(11): 1162-1 166) in view 
of Urschel et al {Journal of Comparative Neurology, 1990, 296:114-122), Althaus (WO 
9303140), Unger et al (EP 731,108) and Unger et al (1995, Poster: 25^*" Annual Meeting 
Society for Neuroscience, San Diego, CA, USA November 11-16, 1995) and in further view 
of Weiner et al (USPN 5,935,577). Applicants respectfully traverse. 

Applicants again submit that the cited references fail to mcQt prima facie obviousness 
because not all claim elements are present in the combined references. Furthermore, there is 
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no motivation or suggestion to combine the references and there is no expectation of success 
in combining them. Thus, even assuming, arguendo, that the references could supply all the 
necessary claim elements, prima facie obviousness is still not present since there is no 
motivation/suggestion to combine the references or expectation of success in doing so. 

As stated previously, prima facie obviousness from combined references requires that 
the combination of the cited art, taken with general knowledge in the field, must supply all of 
the elements of the claimed invention. M.P.E.P. §2143.03. Additionally, there must be a 
motivation or suggestion to modify the reference(s) or combine the teachings to produce the 
claimed invention. M.P.E.P. §2143.01 and In re Geiger, 815 2 USPQ2d 1276, 1278 (Fed. 
Cir. 1987). Furthermore, there must be a reasonable expectation of success. M.P.E.P. 
§2143.02 and In re Vaeck, 20 USPQ2d 1438 (Fed. Cir. 1991), citing In re Dow Chemical 
Co., 5 USPQ2d 1529, 1531 (Fed Cir. 1988). The required teaching or suggestion to combine 
the references, and the expectation of success, must be found in the prior art and not based 
upon the disclosure of the Applicants. M.P.E.P. §2142. 

Again, Applicants respectfully point out that these requirements have not been met 
for a prima facie showing of obviousness for combinations of the cited references. 

The current invention showed the surprising result that treatment of EAE marmosets 
with NGF suppressed demyelination in the CNS. Work by, e,g., Althaus and Unger, supra, 
had examined in vitro studies of NGF and the effect of the use of NGF after chemical injury 
by a detergent, a condition that spontaneously reverses itself rapidly, and demonstrated that 
remyelination is accelerated by NGF. However, such findings did not address the more 
complex and different situation wherein demyelination is caused by inflammation and 
antibodies, as occurs in MS, a chronic inflammatory condition with multiple immune attacks 
(to which the EAE marmoset model is similar) and does not occur to a full extent as in the 
chemical model. 

In fact, it would rather be expected that when the remyelination process takes place in 
MS, unlike in the chemical model, the synthesis and production of new myelin antigens 
would exacerbate the immune reaction against brain and CNS. However, Applicants' work 
has demonstrated that in addition to the repair effect shown, NGF suppresses inflammation 
by a direct effect on astrocytes, suppression of IL-10. This effect is specific for the CNS, as 
it is not observed in blood (see Genain and Villoslada, Progress in Brain Research, 2003, 
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146:403-414). It was surprising and could not have been predicted by those of skill in the art 
that NGF would inhibit the production of EAE itself and inflammation in the CNS by the 
second effect, induction of IL-10 locally. In fact, those of skill would more likely have 
predicted that disease would have developed in the marmoset after induction of EAE, and, as 
per Unger, then repaired itself faster or more completely in the NGF-treated animals. That 
was not the observation, as animals failed to fully develop the EAE to begin with. Despite 
failing to develop EAE, animals had the normal and expected inmiunological responses 
against the immunizing antigen, MOG, as measured in blood in the published studies. Thus 
as would have been expected by those of skill in the art, the marmosets should have 
developed full-blown EAE, however because of the surprising demonstrated effect of NGF 
on the astrocytes and the IL-IO production within the CNS, they did not do so. There is no 
prior art that shows this surprising direct effect of NGF on astrocytes. There is no prior art 
that shows that this surprising effect of NGF is specific for astrocytes, and it does not occur 
in peripheral blood cells and lymphocytes. In that, the current results are clearly dissociated 
from that of Weiner, which only cites ways to modulate peripheral immune system, not glial 
cells or astrocytes in brain. 

Lack of Motivation to Combine 

The Office Action bases most of its purported finding of motivation to combine the 
references on the alleged closeness at the "molecular level" between demyelination and 
remyelination in demyelination diseases (e.g., MS). The Office Action cites to Unger for 
support that it would be obvious to combine the cited references. However, again, 
Applicants respectfully disagree with the Office Action's reading of the references and of the 
Office Action's view of the underlying bases of remyelination/demyelination. 

The Office Action cites to Unger (EP 731,108) col. 1, lines 10-23, which states that: 

[t]he covering of nerve fibers in the central nervous system (CNS) with 
myelin is essential for the function of neuronal signal transmission. The 
myelin sheath is formed by oligodendrocytes (OL), the fibers of which 
wrap around the axon of a nerve cell. Demyelinating diseases such as 
multiple sclerosis in which the myelin sheath of the axon is damaged or 
destroyed also lead to impairments of the OL. However, the OL remains 
capable of regenerating the myelin sheaths. Therefore, the identification 
and characterization of factors which are responsible for increased regeneration 
of OL is very important for the molecular understanding of demyelination 
diseases, such as multiple sclerosis (MS), and for the development of therapeutic 
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Based on the cited paragraph, the Office Action states that the OL is "affected by 
demyelination and remyelination processes," and that "identification of factors that affect 
remyelination are closely related on 'a molecular level' to demyelination diseases." The 
Office Action also states that linger links the "two processes" on a "molecular level." Thus, 
the Office Action alleges, a skilled artisan would have realized from Unger that "the 
processes of demyelination and remyelination affect the same substrate, OL, and that the 
characterization of factors for remyelination are likely to have a similar bases with the factors 
that lead to demyelination." The Office Action also states that "demyelination and 
remyelination processes are closely related" enough so that an "ordinary artisan would have 
expected that results in one area would provide relevant information for a related area of 
research" and that such artisan "would have naturally viewed information that reported on 
myelinating processes as relevant to the field of the instant invention." 

Again, Applicants respectfully disagree with the conclusions drawn from the quotes 
from Unger and with the Office Action's assumptions concerning the "closeness" of 
remyelination/demyelination. 

Unger states that "the identification and characterization of factors which are 
responsible for increased regeneration of OL is very important for the molecular 
understanding of demyelination diseases." However, such quote indicates that factors 
involved in remyelination (e.g., NGF) can be important in understanding (at least a part of) 
the molecular basis of the disease, it does not state that factors involved in remyelination are 
important in understanding the molecular basis of demyelination or suppression of 
demyelination. It doesn't necessarily follow that factors involved in the disease as a whole or 
one area of a disease, remyelination, can necessarily be equated with factors involved with 
the demyelination or suppression of demyelination. 

While Unger states that "OL is a significant portion of the myelin sheath and that OL 
is affected by demyelination and remyelination processes of a nerve," it does not mention 
suppression of demyelination. Thus, when the Office Action states that "[c]learly, the 
identification of factors that affect remyelination are closely related on 'a molecular level' to 
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demyelination diseases," such statement even if it were true, does not address suppression of 
demyelination rather than demyelination diseases in general. 

Furthermore, while the Office Action states that "the processes of demyelination and 
remyelination affect the same substrate," Applicants respectfully point out that it does not 
necessarily follow from such that "the characterization of factors for remyelination are hkely 
to have a similar basis with the factors that lead to demyelination" let alone with the factors 
involved with suppression of demyelination. Also as explained below, demyelination and 
remyelination are actually quite different. 

Applicants again point out that understanding of a complex disease such as MS 
involves multiple facets and areas (e.g., oligodendrocytes and their actions, myelin (as 
separate from oligodendrocytes), etc.). Thus, a statement that demyelination and 
remyelination are closely related and therefore that there would be motivation to combine 
references concerning such to obviate the current invention which concerns suppression of 
demyelination, is an overly broad reading of the cited quotes and of the field in general. 

In fact, the processes of demyelination and remyelination actually do not affect the 
same substrate, and are not closely related, although they involve the same cell, OL, in the 
CNS. Demyelination is an external aggression on OL and myelin sheaths, for example by 
inflammation, stroke, trauma, chemical, infectious, or other external circumstance causing 
injury to OL. Remyelination is an intrinsic molecular process that involves many unrelated 
and complex stimuli, such as growth factors, signaling between nerve axons and myelin, etc. 
There is little relationship between the two processes at the molecular level, one being 
external aggression and the other being internal to the brain and CNS environment. This is 
exemplified by the finding that in disorders like MS and the EAE model, remyelinating cells 
are present at the periphery of the demyelinating lesions but are not capable of providing 
remyelination. See, e.g., Wolswijk, et a/.. Brain, 2002, 125:228-349. Remyelination in 
addition, does not occur in MS to a full extent after the demyelination has occurred. 

As illustrated by the discussion above comparing the surprising in vivo results against 
prior in vitro studies, it can be seen that there would be no motivation to combine such 
studies to achieve the current invention. 

Again, as discussed the demonstration of effect in in vitro culture systems was 
inadequate to predict the effects in vivo and demonstration of efficacy in a chemical model or 
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the like (e.g., where demyelination is caused by detergent) could not be extrapolated to 
efficacy in a model such as EAE or MS where there is persistent inflammation driven by a 
chronic immune response against myelin and nerve cells. Furthermore additional differences 
between demyelination and remyelination (emphasizing the lack of motivation in combining 
such references) include that the cells that provide remyelination are derived from precursor 
cells, not from mature OL. The action of NGF facilitates this transformation. Studies of 
NGF or other growth factors and neurotrophins conducted on neonatal or young OL are not 
always relevant to biology of adult OLs, as exemplified by the fact that neonatal microglia 
are exquisitely sensitive to injury, e.g., by oxidative radicals, while adult glia are resistant to 
such. Furthermore, with regard to inter-species differences, rodent microglia and 
primate/human microglia have very different biologies, especially with respect to expression 
of constitutive and inducible NOS genes which regulate pathways of injury to these cells. 
See below for other problems in comparing results from different species. 

In regard to Kramer, supra, there also would be little motivation to combine its 
teachings with the other references to achieve the current invention because it examines 
BAN, a model of injury of the peripheral nervous system (PNS), while MS and EAE are 
diseases of the central nervous system (CNS). The natural barriers between PNS and blood, 
and CNS and blood, are of very different nature. For example, the cells that provide 
remyelination (repair) in PNS are Schwann cells, whereas in CNS they are OL. 

Thus, because of the differences in demyelination and remyelination there would be 
no motivation to combine the cited references. Therefore because there is no motivation to 
combine the references (and because of the surprising results), Applicants respectfully 
request that the rejections be withdrawn. 

Applicants also emphasize again that even if the Office Action's statement that "the 
ordinary artisan would have expected that the results in one area concomitantly provide 
relevant information for a related area of research" were true, it implies that it is an invitation 
to experiment, which is not a legitimate basis for establishing obviousness. See, e.g.. Ex 
Parte ErlicK 3 USPQ2d 1529 (Fed. Cir. 1988); In re Geiger, 2 USPQ2d 1276 (Fed. Cir. 
1987); In Re Dow, 5 USPQ2d 1529 (Fed. Cir. 1988); and In Re Eli Lilly & Co. 14 USPQ2d 
1741, 1743 (Fed. Cir. 1990). 
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Lack of Expectation of Success 

The cited references also fail to present prima facie obviousness because there is no 

reasonable expectation of success, fully achieving the desired invention, in combining the 

references. As previously stated, even if Kramer, arguendo, contains statements concerning 

decreasing demyelination in peripheral rodent neurons, there is no expectation of success in 

combining it with the rat model in Urschel and the porcine/human in Althaus, etc., to achieve 

the current invention (human/primate). Again, as pointed out in the specification at page 19, 

It is important to recognize that, due to the interspecies differences in 
the biological effects of growth factors and the differential expression 
of their specific receptors, information derived from rodent studies may 
not be applicable to humans. 

Such passage highlights the lack of expectation of success for combination of the 
cited references. The Office Action cites to Weiner et al (USPN 5,935,577) for support that 
there was an expectation of success in combining the various animal models of the many 
references cited. The Office Action also argues that Applicants do not present data that 
specifically rebuts Weiner' s alleged teaching that EAE animal models are good 
approximation for responses in humans or present any specific examples as to why the 
statements by Weiner are invalid. 

In addition to the passage from the present application, numerous references 
specifically emphasize the failings of using rodent models for developing treatments for MS 
and the inadequacies in translating rodent results to primates/humans (specifically in regard 
to EAE). 

For example, in comparing rodent EAE models with common marmoset models, 't 
Hart states that: 

[I]n many cases, therapies based on biological reagents are highly 
species-specific. This implies that reagents developed for treatment 
of humans should be tested in nonhuman primates. Of the wide variety 
of immuno-suppressive/modulatory therapies that were tested in MS 
after proven effectivity in EAE models, only very few have shown bene- 
ficial effect in patients, 
't Hart etal, Curr. Op. Neuro., 2003, 16:375-383, 379. 

Even more bluntly, in discussing animal models for MS, 't Hart states that "[t]he wide 

immunological gap between human beings and laboratory mouse or rat models makes many 

disease models in these species invalid." 't Hart et aL, Lancet Neurol, 2004, 3:588-597, 
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abstract. Additionally, 't Hart states that "[c]urrent disease models in rodents might not be 
sufficiently predictive of therapeutic success in humans, a situation that is not unique for 
MS." *t Hart, et ai. Trends in Molecular Medicine, 2004, 10(2):85-91. 

Thus, the effects of an NGF (e.g., a recombinant human NGF) molecule, a protein 
and biological with species-specificity, can only be truly appreciated and tested in a system 
such as the primate, that approximates humans and expresses a reasonably homologous 
receptor. 

Weiner presents an EAE model in the Lewis rat that is induced with immunization 
with MBP. Such model is characterized by the absence of demyelination and a monophasic 
course, which may be an adequate model for inflammation of the brain but is an inadequate 
model for MS which has demyelination and a relapsing course. MBP similarly does not 
induce demyelination in marmosets (see Genain et al, 7. Clin, Invest., 1995, 96:2966-2974), 
neither do T cells directed against MBP, which are sufficient to produce CNS inflammation 
but not demyelination (see Genain et aL,J. Clin. Invest, 1994, 94:1339-1345). The 
demyelination in the marmoset model and MS has a different basis, antibody and B cell 
mediated toxicity than the cited references. See^ e.g., Raine et al. Annals of Neurology, 
1999; 46(2): 141-2 and Genain, etal, Nat Med., 1999, 5(2): 170-175. This illustrates that, the 
animal models from different species (such as the rats in Weiner) have different responses to 
specific substances, etc., and thus there would not be an expectation of success in combining 
them. 

Yet another example of the inadequacy of rodent models such as Weiner' s to predict 
efficacy for treatment of MS is shown by the failure in human trials of TGF-beta, and TNF 
inhibition. See Amason, et al. Neurology, 1999: 53:457-65 (also even including the 
possibility that anti-TNF therapy triggers MS, Sicotte et al. Neurology, 2001, 57:1885- 
1888). 

Further support for the argument that inter-species differences are critical, especially 
in view of neural growth factors, is shown by Aredondo, Eur. J. Immunol, 2001, 31:625-633, 
which shows that NGF-based intervention in rodents may have adverse effects, or may not 
work on amelioration of disease. A compelling argument is also that NGF produces radically 
different effects on rat oligodendrocytes, which it kills through the p75 receptor pathway 
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(Casaccia-Bonnefil, et al, 1996, Nature, 24:383(6602):716-9), and human oligodendrocytes 
(Ladiwala, etal, 1998,7. ofNeuroscL, 1894): 1297- 1304). 

An example of a broader discussion of the inadequacy of rodent models to predict 
human disease behavior, as exampled by the failure of such models to predict efficacy of an 
Alzheimer's vaccine, is shown in, e.g., Mestas, et a/., "Of Mice and Not Men: Differences 
between Mouse and Human Immunology," 7. Immunol, 2004, 172:2731-2738. 

Thus, all such examples illustrate that results are not reasonably translated between 
species in MS studies. Therefore, EAE rodent studies are not easily extrapolated to MS in 
primates and humans. Applicants submit that there would be no reasonable expectation of 
success fully achieving the current invention in combining data from the various animal 
models in the numerous references cited. 

Other aspects of the cited references also highlight why no expectation of success 
exits in their combination. For example, Kramer allegedly concerns decreased demyelination 
in peripheral rat neurons, while Althaus focuses on regeneration of myelin and Urschel 
focuses on showing that removal of NGF affects myelination (not that adding NGF increases 
myelin). As detailed above. Applicants respectfully point out that the references concern 
different actions/aspects of myelin (e.g., regeneration of myelin rather than demyelination, 
decreased demyelination, etc.) and that such areas are quite different in terms of causation, 
mode of action, etc., and therefore, there would be no reasonable expectation of success in 
combining them. 

Because there is no reasonable expectation of success fully achieving the current 
invention in combining the references. Applicants respectfully request that the rejections be 
withdrawn. 

Individual References 

The Office Action states that Applicants are attacking the references individually by 
not considering their common elements. However, Applicants are merely pointing out how 
the elements are not common between the references and how the large underlying 
differences between the animal models and specific actions studied vary between the 
references, and thus would not favor motivation to combine. 

Again, Applicants note that the references are not being argued against individually. 
Rather, by stating the differences between the references as a group, it is emphasized how 



Page 13 of 16 



they each concentrate on different areas and how results from one area are not reasonably 
transferred to another and, thus, how there would be no expectation of success, fully 
achieving the desired invention, in combining the references. 

Lack of all Claim Elements 

In addition to lack of a motivation to combine the references and an expectation of 
success in doing so, the combinations of the cited references do not even present all the 
elements of all of the current claims. For example, the cited references do not include NGF 
(as used in claims 17-25) in an amount sufficient to downregulate the production of 
interferon y (IFN-y) by T cells infiltrating the central nervous system. The Office Action 
cites to Weiner and argues that it demonstrates that successful treatment of MS (such as by 
suppressing demyelination with NGF) will inherently down regulate the production of IFN-y 
by T cells. 

The fact that a certain result or characteristic may occur or be present in the prior art 
is not sufficient to establish the inherency of that result or characteristic. M.P.E.P. §21I2(IV) 
citing In re Rijckaert, 28 USPQ2d 1955, 1957 (Fed. Cir. 1993). To establish inherency, the 
extrinsic evidence must make clear that the missing descriptive matter is necessarily present 
in the reference. Inherency cannot be established by probabilities or possibilities. The mere 
fact that a certain thing may result from a given set of circumstances is not sufficient. 
M.P.E.P. §2112(IV) citing In re Robertson 49 USPQ2d 1949, 1950-51 (Fed. Cir. 1999). 

Applicants note that their prior argument was not necessarily that NGF would not 
inherently down regulate production of IFN-y by T cells, but rather that such case had not 
been made by the Office Action. 

Applicants submit that the cited passages in Wiener do not present prima facie 
inherency. For example, the cited passages in Weiner do not even concern the same subject 
as the current invention. The discussion of IFN-y levels in col. 9, lines 25-34 concerns their 
use to check the efficacy of mucosally induced bystander suppression. 

Weiner also does not show that NGF suppresses IFN-y from within the brain/CNS. 
Werner does not demonstrate the increased production of EL- 10 by astrocytes, rather than 
lymphocytes, after stimulation with NGF. As exemplified by Cannella (7. Neuroscl Res., 
1996, 45(6):735-46) and Cua {J, Exp, Med., 1999, 189(6): 1005-1010), production of IL-10 
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within the CNS, and not in the periphery, which is achieved by NGF because of its specific 
effects on astrocytes, is the driving force for IFN-y suppression and disease inhibition 
(inflammation). This effect is completely independent of the remyelination processes, as 
discussed above. Applicants also note that this point further argues that there is no reason for 
combining the previous art cited. 

Weiner does not mention NGF and does not teach that NGF reduces BFN-y in 
peripheral lymphocytes (let alone whether such is inherent in successful treatment) because 
Weiner did not study such. Weiner does not teach that NGF reduces IFN-y or induces IL-10 
in the central nervous system. Weiner does not claim that suppression of IFN-y in CNS will 
suppress autoimmunity, 

Finally, and quite on point, the successful treatment of autoimmune disease will not 
always require a decrease in IFN production. This is shown by the fact that mice who do not 
produce IFN-y can have worse EAE disease. Even more striking, is the finding that Thl 
responses mediated by BFN-y and TNF may actually benefit repair and remyelination in CNS, 
as shown by work on crushed optic nerve in rodent and EAE (Kipnis, et al, J Neuroimmunol, 
2002, 130:78-85; Kipnis, et al, PNAS, 2000, 97(13):7446-6451; Moalem, et al, FASEB, 
1999, 13:1207-1217; Hohlfeld, etal, /. NeuroimmunoL, 2000, 170:161-166). 

Thus, not only does Weiner examine dissimilar material than the current invention 
(thus emphasizing that the required claim elements are not present either explicitly or 
inherently), additional references cite to instances wherein IFN-y will not always necessarily 
need to be reduced in the treatment of an autoimmune disease. Therefore, Applicants 
respectfully request that the rejection be withdrawn. 

In sum, the cited references fail to meet the three required aspects of prima facie 
obviousness because there is no motivation/suggestion to combine the references, there is no 
expectation of success in combining the references, and not all elements of all of the current 
claims are present in the references. Therefore, Applicants respectfully request that the 
rejections be withdrawn. 

Claims 14 and 15 were rejected under 35 U.S.C. §103(a) as allegedly unpatentable 
over Kramer et al {supra) in view of Urschel et al {supra), Althaus (WO 9303140), Unger 
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et al (EP 731,108) and Unger et al {supra) and in further view of Hammang et al (USPN 
5,904,144) and The Merck Manual (p. 1091). Applicants respectfully traverse. 

As illustrated above, there is no motivation/suggestion to combine, nor expectation of 
success in combining Kramer, Urschel, Althaus, Unger, and Unger. Because there is no 
underlying motivation/expectation tying Kramer, Urschel, Althaus, Unger, and Unger 
together, there is no motivation/expectation of success to add Hammang or Merck. In other 
words, the combination of references against claims 14 and 15 fails for similar reasons as 
stated above. 

Thus, the cited references fail to meet the required aspects of prima facie obviousness 
because, e.g., there is no motivation/suggestion to combine the references, and there is no 
expectation of success in combining the references. Therefore, Applicants respectfully 
request that the rejections be withdrawn. 

CONCLUSION 

In view of the foregoing, Applicants believe all claims now pending in this 
application are in condition for allowance. The issuance of a formal Notice of Allowance at 
an early date is respectfully requested. 

If the claims are deemed not to be in condition for allowance after consideration of 
this Response, please telephone the undersigned at (510) 769-3507. 
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CHAPTER 25 



Role of nerve growth factor and other trophic 
factors in brain inflammation 

Pablo Villoslada* and Claude P. Genain^'* 

^ Neuroimmunology Laboratory, Department of Neurology, University of Navarra, Spain 
^Department of Neurology, University of California, San Francisco, CA 94143-0435, USA 

Abstract: Inflammation in the brain is a double-edged process that may be beneficial in promoting homeostasis 
and repair, but can also result in tissue injury through the damaging potential of inflammatory mediators. Thus, 
control mechanisms that minimize the extent of the inflammatory reaction are necessary in order to help preserve 
brain architecture and restore function. The expression of neurotrophic factors such as nerve growth factor 
(NGF) is increased after brain injury, in part mediated by effects on astrocytes of pro-inflammatory mediators 
and cytokines produced by immune cells. Conversely, cells of the immune system express NGF receptors, and 
NGF signaling modulates immune function. Multiple sclerosis (MS) and the disease model experimental autoimmune 
encephalomyelitis are neurodegenerative disorders whereby chronic destruction of the brain parenchyma results 
from an autoaggressive, immune-mediated inflammatory process and insufficient tissue regeneration. Here, we review 
evidence indicating that the increased production of NGF and other trophic factors in central nervous system 
(CNS) during these diseases can suppress inflammation by switching the immune response to an anti-inflammatory, 
suppressive mode in a brain-specific environment. Thus, trophic factors networks in the adult CNS not 
only protects axons and myelin but appear to also actively contribute to the maintenance of the brain immune 
privilege. These agents may represent good targets for therapeutic intervention in MS and other chronic CNS 
inflammatory diseases. 

Keywords: neural growth factors; autoimmune demyelination; multiple sclerosis; experimental autoimmune 
encephalomyelitis; cytokines; immunomodulation 



Introduction 

In addition to its the critical role during central 
nervous system (CNS) development, nerve growth 
factor (NGF) plays an important role in the 
maintenance of adult CNS homeostasis and in the 
response to brain tissue damage (Kernie and Parada, 
2000). Due to the highly specialized architecture and 
function of the CNS, maintenance of brain tissue 
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integrity of it is fundamental for the survival of the 
individual Bystander effects of inflammation, 
although well tolerated in most tissues such as 
epithelium or connective tissues, might be deleterious 
when occurring within the CNS. It has been proposed 
that the CNS is protected against such adverse 
consequences of inflammation through immune 
privilege (Streilein, 1995; Antel and Owens, 1999), 
which prevents invasion of brain parenchyma by 
inflammatory cells and/or partially restricts local 
immune responses by maintaining an immunosup- 
pressive environment. In this short review we will 
focus on the roles of NGF during CNS inflammation 
and on newly discovered immunoregulatory proper- 
ties of NGF and other neural growth factors that are 
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49 likely to contribute to the maintenance of CNS 

50 immune privilege. 

51 During pathological situations such as CNS 

52 infections or autoimmune diseases, an inflammatory 

53 response is mounted against the CNS that may 

54 result in 'bystander' tissue destruction and loss of 

55 function. Multiple sclerosis (MS) is the prototypal 

56 inflammatory brain disease of probable autoim- 

57 mune origin, in which infiltrating inflammatory 

58 immune cells and mediators contributes to CNS 

59 damage and lead to widespread destruction of the 

60 myelin sheaths, oligodendrocytes and axons, and 

61 ghosis (Steinman, 2001). The chronic accumulation 

62 of such lesions along the neuraxis profoundly 

63 disturbs nerve conduction and leads to significant 

64 disability, often in young adults. Autoimmune 

65 demyelination is a good example of disorders in 

66 which inflammation is detrimental to the CNS, 

67 which affords to the study of the complex interplay 

68 between inflammation, immune privilege, tissue 

69 destruction, and mechanisms of repair and neuro- 

70 protection. 
71 

72 

73 NGF and immune system interactions 

74 

75 Several immune cell types express the NGF 

76 receptors TrkA and p75, and it has been demon- 

77 strated that NGF production is increased in 

78 inflammatory diseases. The role of NGF in the 

79 regulation of immune response is complex and not 

80 fully understood (Aloe et al., 1994; Levi-Montalcini 

81 et al., 1996). For example, NGF production is 

82 induced in brain cells by a variety of pro- 

83 inflammatory and anti-inflammatory cytokines such 

84 as interleukin-1 (IL-1), IL-4, IL-5, tumor necrosis 

85 factor-alpha (TNF-a), transforming growth factor- 

86 beta (TGF'P) and interferon-beta (IFN-j8) mediated 

87 by NFkP signaling (Gadient et al., 1990; Awatsuji 

88 et al., 1993; Awatsuji et al, 1995; Friedman et ah, 

89 1996; Boutros et al., 1997). It is also of importance 

90 to keep in mind that the effects of NGF on 

91 inflammation may depend on the microenvironment, 

92 and immunomodulatory properties of NGF in 

93 the brain may be different from those in other 

94 tissues. 

95 The TrkA receptor and p75 neurotrophin 

96 receptor (p75^^*^) are expressed both in cells of 



the innate immune system, especially in mast cells 
and macrophages, and in adaptive immune system 
cells, such as T cells (Ehrhard et al., 1993; 
Santambrogio et al., 1994) and B cells (Brodie and 
Gelfand, 1992; Melamed et al., 1996). NGF 
signaling may promote survival of memory B cells 
(Torcia et al., 1996), influences T cell and B cell 
proliferation, stimulates the synthesis of immuno- 
globulins (IgM, IgA and IgG4) (Brodie, 1996). The 
role of NGF in the innate immune system is also 
complex. Mast cells are most responsive to NGF, 
and themselves release NGF in an autocrine manner 
in response to inflammatory stimuli. Stimulation of 
mast cells by NGF promotes survival, induces the 
secretion of cytokines such as IL-3, IL-4, IL-10, 
TNF-a and granulocyte macrophage colony-stimu- 
lating factor (GMCSF), and modifies vascular 
permeability (Bullock and Johnson, 1996). NGF 
also influences differentiation of monocytes into 
macrophages, enhances phagocytosis and increases 
antimicrobial activity. Lipopolysaccharide (LPS), a 
pathogen product, induces the release of NGF and 
the expression of NGF receptors by macrophages 
(Caroleo et al., 2001). Together these findings 
provide evidence that NGF plays a complex role 
in the regulation of inflammatory responses, with 
specific effects that may vary depending on the 
organ or tissue involved. 

Because of the existence of a blood-brain barrier 
(BBB) that ensures its immunologically privileged 
situation, immune responses in the CNS are mainly 
mediated by resident microglia, mast cells and 
astrocytes. However, in CNS inflammation the 
BBB is disrupted and immune mediators from the 
peripheral immune system may enter the parench- 
yma, which results in a fully developed adaptive 
immune response with loss of immune privilege. 
Perivascular mast cells and macrophages are 
highly sensitive to NGF, and it has been postulated 
that this interaction might contribute to the 
integrity of BBB and its restoration after CNS 
inflammation (Ransohoff and Trebst, 2000; Flugel 
et ah, 2001). In adult CNS, NGF is mainly 
produced by astrocytes and stored into the 
extracellular matrix (ECM). The ECM represents 
a reservoir of trophic factors that interact with 
immune cells entering the CNS to modulate the 
ongoing immune response. 
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97 Role of NGF in CNS autoimmune demyelination 

98 

99 Experimental autoimmune encephalomyelitis (EAE) 

100 is a widely used disease model for MS of autoimmune 

101 pathogenesis (Bradl and Linington, 1996). In EAE, 

102 activated self-reacting CD4-h and CD8+ T cells, 

103 macrophages, and anti-myelin antibodies invade the 

104 CNS and mediate tissue damage either directly or 

105 through a variety of effector mechanisms such as 

106 production of nitric oxide, free radicals, and acti- 

107 vation of complement or macrophage mediated 

108 cytotoxicity (Brosnan and Raine, 1996). Myelin 

109 sheaths and oligodendrocytes are the primary targets 

110 of the autoimmune attack, and axonal transection 

111 and gliosis are also present. During EAE, expression 

112 of NGF and NGF receptors is increased in 

113 astrocytes, oHgodendrocytes and in cells from the 

114 subventricular zone (De Simone et al., 1996; Calza 

115 et al, 1998; Micera et al., 1998; Oderfeld-Nowak 

116 et al., 2001). The increased expression of NGF 

117 parallels that of a number of other neurotrophic 

118 growth factors, and may represent as in other forms 

119 of CNS tissue injury, a regulatory mechanisms aimed 

120 at promoting tissue repair. Another interesting 

121 possibility is that growth factors influence develop- 

122 ment and severity of autoimmune inflammatory 

123 demyelination, as suggested by reports of decreased 

124 severity after administration of insulin growth factor 

125 (IGF)-l, glial growth factor (GGF)-2, ciliary 

126 neurotrophic factor (CNTF) and NGF in rodent 

127 EAE models (de Webster, 1997; Cannella et al., 1998; 

128 Lovett-Racke et al, 1998; Arredondo et al., 2001; 

129 Linker et al, 2002), and aggravation upon adminis- 

130 tration of a neutralizing NGF antibody (Micera 

131 et al., 2000). 

132 We recently evaluated the efficacy of recombinant 

133 human NGF using the marmoset model of EAE, 

134 which offers close phenotypic similarity with human 

135 MS including a relapsing remitting clinical course 

136 and pathologically, moderate perivascular inflamma- 

137 tion accompanied by prominent demyelination at the 

138 acute stage (Genain and Hauser, 2001). Animals were 

139 treated intracerebroventricularly with 6 ^ig per day of 

140 recombinant human NGF or placebo, starting one 

141 week after immunization (typically one week before 

142 the onset of CNS infiltration) until two weeks after 

143 the onset of the clinical disease (first relapse). The 

144 original trial was designed in order to probe for 
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Fig. 1 . Recombinant human NGF inhibits the development of 
clinical EAE in marmosets. EAE was induced by active 
immunization with myelin/oligodendrocyte glycoprotein in 
adjuvant, which in this species results in 100% incidence of 
disease, NGF (open circles) or placebo (cytochrome c, CYT, 
closed triangles) were administered intracerebroventricularly by 
continuous infusion (osmotic pump) beginning day 7 after 
immunization. EAE was graded using an expanded marmoset 
grading scale ranging from 0 to 45. Neuropathological findings 
throughout the CNS (optic nerves, brain and spinal 
cord) corroborated the observed cHnical protection. *p<0.05 
student's f-test. For details please refer to Villoslada et al. 
(2000). 

improved remyelination due to NGF therapy. 
However, clinical and neuropathological features 
of EAE were milder in NGF-treated animals 
than in placebo-treated controls (Fig. 1). 
Immunohistochemical studies demonstrated that 
CNS infiltrating mononuclear cells of the NGF- 
treated animals expressed lower amounts of inter- 
feron-gamma (IFN-y), the prototypical Thl cytokine 
in EAE, and higher amounts of IL-10, a major 
immunosuppressive cytokine, which indicated that 
the CNS-specific immune response had been induced 
to a switch from the proinflammatory Thl phenotype 
to an anti-inflammatory Th2 phenotype. Perhaps 
more strikingly, glial cells within the unaff'ected white 
matter expressed higher amounts of IL-10 even in 
areas remote from inflammatory infiltrates (Figs. 2 
and 3). The latter finding suggests that NGF had the 
ability to induce a CNS-wide immunosuppressive 
microenvironment that may have been the primary 
mechanism leading to decreased CNS infiltration, 
reduction in BBB breakdown and IFN-y suppression 
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Fig. 2. Effects of recombinant human NGF on cytokine production (IFN-y and IL-10) within CNS inflammatory infiltrates during 
marmoset EAE. 
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Fig. 3. Effects of recombinant human NGF upon IL-10 
production by glial cells of normal, unaffected white matter 
during marmoset EAE. A striking upregulation of IL-10 is 
observed in areas at distance from the pathological infiltrates, 
suggesting that intraventricular administration of NGF 
induced a tissue-specific immune deviation that suppressed 
CNS inflammation mediated by IFN-y-producing inflamma- 
tory infiltrating cells. 



in treated animals (for details see Ransohoff and 
Trebst, 2000; Villoslada et al., 2000). These CNS- 
specific immunosuppressive properties of IL-10 may 
be specific for higher mammal species (human and 
nonhuman primates), since they have not been 
unequivocally demonstrated in rodents (Cannella 
et al, 1996; Bettelli et aL, 1998; Cua et al., 1999). 



The pronounced effects of intracranial adminis- 
tration of NGF on cytokine expression were specific 
to the CNS parenchyma, and were not observed in 
the periphery. T cell-mediated EAE in rodents can 
classically be inhibited by promoting an immune bias 
of myelin-reactive T cells towards the Th2 phenotype 
(immune deviation), or by administration of Th2 
cytokines (Chen et al., 1994; Racke et al., 1994). This 
approach has yet to prove useful in human clinical 
trials, and immune deviation of the peripheral 
immune system may trigger lethal complications in 
CNS demyeUnating disorders of complex pathophy- 
siology because it has the potential to exacerbate 
pathogenic antibody responses (Genain et al., 1996). 
Peripheral administration NGF could also poten- 
tially exacerbate such responses, since NGF is a 
factor that promotes B cell survival and growth (Aloe 
et al., 1994; Levi-Montalcini et al., 1996; Torcia et al., 
1996). However, intracranial administration of NGF 
in marmosets did no alter the expected development 
of T cell and humoral autoimmune responses against 
the immunizing antigen and did not induce immune 
deviation in the peripheral immune system, confirm- 
ing that effector mechanisms for the beneficial 
effects were taking place within the CNS (Villoslada 
et al., 2000). To further confirm these findings, we 
evaluated the effect of administration of exogenous 
NGF on the production of Thl (TNF-a, IFN-/ and 
IL-12) and Th2 (IL-4, IL-10, IL-6 and TGF-^) 



ARTICLE IN PRESS 



407 




204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 




<=> r~ ^ 



o 
o 



o 
o 
o 



o 
o 



O ^ ^ 



2 o 

^ rt 



O 

o 
o 



NGFc on central ion (ng/ml) 

Fig. 4. Effects of exogenous recombinant human NGF on lectin- 
detected was an increased secretion of IL-6. Please refer to the 



cytokines by cultured peripheral blood mononuclear 
cells (PBMC) and macrophages stimulated in vitro by 
antigen or lectins. In both human and marmoset 
systems, all cytokines examined remained unaffected 
by addition of NGF, except for IL-6 which was 
markedly increased with a dose-dependent response 
(Fig. 4). This additional effect of NGF on IL-6 
production by peripheral blood mononuclear cells 
(PBMC) (which was not examined in the CNS of 
NGF-treated marmosets), is of interest since this 
cytokine has been shown to suppress disease both in 
EAE (Willenborg et al., 1995; Carr and Campbell, 
1999) and in a viral experimental model of MS 
(Rodriguez et al., 1994). Nonetheless, the upregula- 
tion of IL-10 in CNS glial cells (and not PBMC) 
during treatment of marmosets with EAE highlights 
a unique property of NGF in inducing a form of 
tissue-specific immune deviation that is capable of 
modulating CNS autoaggressive responses and likely 
contributed to the maintenance of the CNS immune 
privilege. 

The immunosuppressive properties of NGF in 
EAE were confirmed in a mouse model carrying a 
transgene encoding for the T cell receptor specific for 
an encephalitogenic epitope of myelin basic protein. 
NGF was expressed by T cells in response to 
exposure to a Th2 environment (IL-4), but in vitro 
administration of NGF did not change Th pheno- 
types or proliferation responses. Intraperitoneal 



NGF concentration (ng/mi) 

-induced secretion of cytokines by PBMC. The only significant change 
text for details of cytokines examined. 

administration of NGF during the induction phase 
of EAE ameUorated the disease without changing the 
encephalitogenic properties of the T cells. The 
interpretation of these results was that NGF may 
exert an indirect role in modulating the peripheral 
immune response, perhaps through enhanced sympa- 
thetic innervation of lymphoid tissue (Arredondo 
et al., 2001). A regulatory role for anti-inflammatory 
properties of NGF is also supported by the 
demonstration that antigen-specific Thl cells engi- 
neered to deliver NGF in situ amehorate disease 
and inhibit transmigration of inflammatory cells in 
several models of CNS or peripheral nervous 
system autoimmune demyelination (Kramer et al., 
1995; Flugel et al., 2001). What mediates these anti- 
inflammatory properties in addition to, or via the 
secretion of suppressive cytokines such as IL-10 is not 
entirely understood, but may involve the down- 
regulation of the expression of major histocompat- 
ibility complex (MHC) molecules on the resident 
CNS antigen presenting cells, which in EAE function 
by reactivating invading antigen-specific T cells (Frei 
et al., 1994; Neumann et al., 1998). 

In summary, data from EAE models provide 
enough evidence for a regulatory role of NGF in 
autoimmune demyelination, due to the overexpres- 
sion of NGF and NGF receptors during CNS 
inflammation and in vivo experiments that demon- 
strate protection from disease. Studies conducted to 
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241 date suggest that NGF is secreted both in paracrine 

242 and autocrine fashions, and possesses pleiotropic 

243 functions that cannot be regarded as classical 

244 immunosuppressive activities in lymphocytes such 

245 as for the suppressive cytokine IL-IO. NGF may 

246 work by multiple mechanisms, including maintenance 

247 of BBB integrity, modulation of the overall immune 

248 system activity through sympathetic innervations, 

249 induction of an immunosuppressive microenviron- 

250 ment in situ in the CNS, and survival and restoration 

251 enhancement of oligodendrocytes and axons after 

252 immune-mediated damage. Finally, it is important to 

253 recognize that the relative importance of these 

254 different immunomodulatory pathways may vary 

255 between species. 
256 

257 

258 Possible role of NGF in multiple sclerosis 

259 

260 In MS lesions, NGF receptors are expressed mainly 

261 by inflammatory cells such as microglia and mono- 

262 cytes and to a lesser extent by astrocytes but not by 

263 oligodendrocytes (Valdo et aL, 2002). However, 

264 mRNA^^^^^^ has been detected at increased levels 

265 in oligodendrocytes in MS plaques (Dowling et al., 

266 1999). These findings and reports that oligodendro- 

267 cytes expressing p75 may undergo apoptosis in vitro 

268 (Casaccia-Bonnefil et aL, 1996; Frade et al., 1996) 

269 raises an interesting question, because oligodendro- 

270 cyte death is a pathological hallmark in multiple 

271 sclerosis. By contrast, it has also been shown that 

272 p75^^*^ signaling in stressed oligodendrocytes pro- 

273 motes survival (Lopez-Sanchez and Frade, 2002), 

274 The role of NGF during inflammatory demyelination 

275 in adult CNS may depend on the relative levels of 

276 expression of the two NGF receptors, and remains to 

277 be clarified taking into account the fact that the very 

278 same infiltrating lymphocytes that mediate parench- 

279 ymal inflammation may express NGF as well as other 

280 neurotrophins such as brain-derived neurotrophic 

281 factor (BDNF) (Kerschensteiner et al., 1999; Moalem 

282 et al., 2000; Muhallab et al., 2002; Stadelmann et al., 

283 2002). Thus, inflammatory effector cells themselves 

284 may, at least in part, support neuroprotective 

285 functions through the secretion of trophic factors, 

286 perhaps representing a self-limiting mechanism for 

287 inflammation that may be deficient in the case of 

288 CNS autoimmune damage. 



During acute attacks, patients with MS have 
increased levels of NGF in the CSF compared with 
healthy controls or patients that are clinically stable, 
which may be interpreted as evidence that NGF is 
produced in an attempt to protect CNS tissue against 
inflammation (Laudiero et al., 1992). We have 
rephcated these findings by assessing the levels of 
NGF in the CSF of patients with relapsing-remitting 
(RR) MS during an attack, patients with secondary- 
progressive (SP) MS, patients with a first manifesta- 
tion suggestive of a demyelinating event (chnically 
isolated syndrome, CIS), healthy controls, and 
patients with other neurological disease than MS (P. 
Villoslada, unpublished results — Fig. 5), We found 
that NGF levels were higher in the CSF of patients 
with MS than in healthy controls or patients with 
other neurological diseases. Interestingly, NGF levels 
were on average higher in MS patients with RR-MS 
that typically display disseminated disease with 
evidence of active CNS inflammation and BBB 
breakdown (Gadolinium enhancement on magnetic 
resonance imaging), compared to patients with SP- 
MS in which inflammation is typically less prominent, 
and patients with a CIS who by definition lack 
evidence of disease dissemination. Together, our 
interpretation of these data is that NGF is produced 
during CNS damage as a means to recover brain 
homeostasis. 



Role of other trophic factors in CNS 
immunosuppression and in neuroprotection 

Other trophic factors than NGF clearly share similar 
immunosuppressive and neuroprotective properties. 
TGF-jS is an immunosuppressive cytokine that is 
increased in tissues with immune privilege in order to 
prevent their damage by the immune system, and is 
able to induce immune deviation (Streilein et al., 
1997). TGF'P KO mice develop spontaneous auto- 
immune diseases involving several organs including 
the brain (SchuU et al., 1992), and treatment of 
animals induced for EAE with TGF-^ prevents the 
disease (Racke et al., 1991). Insulin-like growth 
factor- 1 (IGF-1) is another pleiotropic growth factor 
capable to suppress murine EAE when the treatment 
was started before disease onset, however in one 
study disease was exacerbated when treatment was 
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Fig. 5. Levels of NGF in the CSF from patients with relapsing-remitting MS (RR-MS) during a relapse (rt=17), secondary- 
progressive MS (SP-MS, n=\6), clinically isolated syndrome (CIS, n- 16), other neurological diseases (OND, n-\6) and healthy 
controls (HC, n = \6) from whom CSF was obtained in the differential diagnosis of acute headache. Levels of NGF in RR-MS patients 
during relapses were significantly higher than in the other groups (p< 0.0001, one factor ANOVA). 



Started after disease onset (de Webster, 1997; Lovett- 
Racke et al, 1998). Similarly, neuregulin or glial 
growth factor-2 (GGF-2) administered systemically 
prevented the development of murine EAE (Cannella 
et al., 1998). Disease attenuation appeared to be due 
to both increased remyelination and decreased CNS 
inflammatory activity which, reminiscent of our 
studies in marmosets may have been due to enhanced 
expression of the immunosuppressive cytokine IL-10. 

Recently, two additional members of the neuro- 
cytokine family leukemia inhibitory factor (LIF) and 
ciliary neurotrophic factor (CNTF) were found to 
protect oligodendrocytes during murine EAE 
(Butzkueven et al., 2002; Linker et al., 2002). 
Oligodendrocytes from LIF-treated animals were 
preserved from inflammatory attack and stressed 
oligodendrocytes expressed increased levels of LIF 
receptor-^ that might account for the protection 
against oligodendrocyte loss. However, an immuno- 
suppressive role was not demonstrated although 
immune cells expressed LIF receptors and treatment 
was administered systemically. CNTF deficient mice 
had more severe disease and recovery was poor with 
a 60% decrease in the number of prohferating 
oligodendrocyte precursors and myelin vacuolation. 
Thus, there may be differential contributions of 
trophic factors to maintenance of the immune 
privilege of the brain, to neuroprotection and CNS 
regeneration, and to immunosuppression. 



In addition to NGF, we have recently analyzed 
CSF levels of LIF and glial cell line-derived 
neurotrophic factor (GDNF) in MS patients. We 
found CSF levels of LIF and GDNF are higher in 
patients with active disease than in those with chronic 
disease or healthy controls, which confirms that NGF 
is among a number of trophic factors released in 
response to brain damage (Table 1). These findings 
further support the role of the trophic factor network 
in promoting CNS regeneration after inflammatory 
damage and in maintaining an immunosuppressive 
microenvironment in the CNS. 



Proposed model for trophic factors in CNS 
immune privilege and neuroprotection 

The data reviewed here strongly argue that NGF 
(and other trophic factors) are capable of suppressing 
autoaggressive immune responses in a CNS-specific 
fashion which does not involve modulation of the 
peripheral immune system, likely indicating that this 
function can only be accomplished in the context of 
the CNS microenvironment. The immune privilege of 
the brain, although not fully understood, can be 
maintained by the additive eff'ects of physical barriers 
such as the BBB and the lack of lymphatic vessels in 
CNS tissue, active downregulation of HLA antigen- 
presenting molecules (astrocytes and microglia), and 
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TABLE 1 

Levels of trophic factors in serum and CSF from patients with relapsing-remitting MS (RR-MS), 



Trophic factor 


Serum 






CSF 






(Pg/ml) 


RR-MS 


PP-MS 


HC 


RR-MS 


PP-MS 


HC 


NGF 


ND 


ND 


ND 


I4.6±7 


6.9 ±7 


3.62 ±5 


LIF 


7.9±13 


ND 


11.6±21 


11.7±14 


8.4±19 


1.7±4 


GDNF* 


0 


0 


0 


160 ±10 


70±8 


40±7 



♦Total GDNF (after acidification treatment to measure both free and protein bind GDNF). 



upregulation of immunosuppressive cytokines such 
as IL-10 or TGF-^. Another proposed mechanism is 
the expression of pro-apoptotic molecules such as the 
Fas-ligand that promote apoptosis of infiltrating 
activated lymphocytes, although a clear demonstra- 
tion of such phenomena is still lacking (O'Connell 
et al., 2001). 

We propose a model in which presence of trophic 
factors in the ECM, and/or their increased expression 
by astrocytes after brain damage might interact with 
specific receptors expressed by perivascular infiltrat- 
ing mononuclear cells or macrophages inducing a 
partial suppression of the immune response (Fig. 6). 
This effect might be achieved by several mechanisms: 
(i) closing the BBB and diminishing the trafldcking of 
activated inflammatory monocytes, via actions of 
NGF on brain perivascular mast cells or on 
expression of molecules responsible for lymphocyte 
adhesion and migration, (ii) inducing a switch of T 
cell phenotype from a Thl phenotype to a Th2 
phenotype, (iii) inducing the expression of immuno- 
suppressive cytokines such as IL-10, and perhaps 
TGF-j6, (iv) reducing activation of macrophages and 
microghal cells and downregulating expression of 
MHC class II molecules on these cells, (v) inducing 
the inactivation of toxic immune mediators by 
astrocytes, and (vi) modulating overall immune 
activity through sympathetic innervation. Several of 
these proposed mechanisms have been demonstrated, 
however comprehensive studies will be needed to 
understand the complex and dynamic nature of 
these processes. A fundamental point that arises 
from studies performed to date is that the effects 
of NGF must be seen as those of a pleiotropic 
cytokine in contrast to other specialized cytokines, 
and that overall effects will be the summary of NGF 



signaling in the different systems expressing NGF 
receptors. 

In addition to the immunosuppressive properties, 
trophic factors such as NGF most certainly 
contribute to the protection of injured neurons and 
oligodendrocytes, and promote survival and regen- 
eration. This neuroprotective role may result from 
priming of anti-apoptotic or cell cycle progression 
pathways such as NF/c^S or Ras (Lopez-Sanchez and 
Frade, 2002). Although the effects of trophic factors 
in rescuing damaged neurons and oligodendrocytes 
are clearly demonstrated, little is known of their role 
in protecting demyelinated or damaged axons. This 
effect could be very important in MS, considering 
recent neuropathological analyses that show early 
axonal damage in this disease (Trapp et al., 1999). 
Thus, trophic factor networks might have more 
pleiotropic roles in maintaining homeostasis of the 
adult CNS than the very specific functions which they 
support during development. 



Therapeutics opportunities for NGF in 
inflammatory brain diseases 

The findings that NGF induces immunosuppression 
that is CNS-specific during autoimmune demyehna- 
tion, in addition to its neuroprotective properties for 
oligodendrocytes and neurons, make this protein an 
attractive candidate molecule for treatment of CNS 
inflammatory diseases. Neurotrophic factors have 
been successfully used to treat animal models of 
central and peripheral nervous system disease with 
the rational of protecting neurons, axons and myehn 
(Yuen and Mobley, 1996; Kernie and Parada, 2000). 
Sadly, attempts to translate such therapies to human 
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Fig. 6. Schematic model for the role of trophic factor networks in maintenance of CNS immune privilege. Right, simplified pathway of 
inflammation and myelin damage (demyelination) by myelin antigen-specific CD4+ Thl cells that migrate into the CNS parenchyma 
and are reactivated by antigen presentation in context of MHC class II molecules expressed on astrocytes (represented in light gray). T 
cell, macrophage and glial cell activation further contributes to blood-brain barrier (BBB) permeability. Left, NGF and growth factors 
are secreted by both astrocytes and certain infiltrating T cells. In addition to their neuroprotective effects, these growth factors can 
stimulate astrocytes to produce IL-10, a suppressive cytokine that has the potential to downregulate inflammatory process and 
decrease BBB permeability (represented in dark gray). 



diseases have failed to date, decreasing the current 
interest in these factors as therapeutics agents for 
neurological diseases (Apfel, 2002). Inherent weak- 
ness in most clinical trials are the use of systemic 
administration which results in failure to cross 
the BBB, and unacceptable side effects of treatment 
which are dose-limiting. A more comprehensive 
approach to disease pathogenesis that accounts for 
mechanisms of action of neurotrophins, and means of 
targeted delivery to specific organs might allow the 
development of promising NGF-based therapies for 
neurological diseases. 
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BBB 


blood-brain barrier 


BDNF 


brain derived neurotrophic factor 


CIS 


clinically isolated syndrome 
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central nervous system 
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ciliary neurotrophic factor 
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IGF 


insulin-like growth factor 
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LIF 

LPS 

MHC 

MS 

NGF 

PBMC 

RR-,SP, 



TGF 

Th 

TNF 



leukemia inhibitory factor 

lipopolysaccharide 

major histocompatibility complex 

multiple sclerosis 

nerve growth factor 

peripheral blood mononuclear 

cells 

p75 neurotrophin receptor 

-PP-MS relapsing remitting, secondary pro- 
gressive, primary progressive multi- 
ple sclerosis 

transforming growth factor 

T helper cell 

tumor necrosis factor 
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Summary 

Lesions appearing in the CNS of patients in the chronic 
phase of the inflammatory, demyelinating disease mul- 
tiple sclerosis often fail to repair, resulting in neuro- 
logical dysfunction. This failure of remyelination 
appears, in many cases, to be due not to the destruction 
of the local oligodendrocyte precursor population, a 
source for new myelin-forming cells, but to the failure 
of the precursor cells to proliferate and differentiate, at 
least in brain lesions. The spinal cord is also a promin- 
ent site for lesions in multiple sclerosis, but nothing is 
known about the fate of the oligodendrocyte precursor 
population in this area. The present study has therefore 
analysed spinal cord samples with demyelination from 
16 subjects with longstanding multiple sclerosis for 
the presence of oligodendrocyte precursor cells. 
Immunolabellings of 10 ^un thick sections with the 04/ 
anti-galactocerebroside (GalC) antibody combination, to 
visualize 04-positive, GalC-negative oligodendrocyte 
precursor cells, revealed that such cells were prevalent 
in many spinal cord lesions, with densities of up to 35 
cells/mm^. Six of the spinal cord lesions contained ^3 
04-positive, GalC-negative cells/mm^, but such cells 
were widespread in brain lesions from these multiple 
sclerosis cases that were available for study (^26 cells/ 
mm^). The density of the 04-positive, GalC-negative 
oligodendrocyte precursor cells in all spinal cord and 
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brain lesions studied thus far (n = 41) decreased signifi- 
cantly with declining numbers of debris-laden macro- 
phages. In addition, lesions lacking macrophages tended 
to be derived from the older patients and there was a 
negative correlation between the density of the oligo- 
dendrocyte precursor cells and clinical age of the mul- 
tiple sclerosis subject at death, and disease duration. 
The analysis further revealed that lesions from subjects 
with primary progressive and secondary progressive 
multiple sclerosis contained, on average, similar num- 
bers of oligodendrocyte precursor cells/mm^ and that 
immature oligodendrocytes were only present in signifi- 
cant numbers in lesions with high precursor densities. 
Taken together, the present data suggest that there is a 
gradual reduction in the size of the 04-positive, GalC- 
negative oligodendrocyte precursor population with 
increasing age of the lesion, that the generation of new 
oligodendrocytes becomes increasingly more impaired 
and that lesions are not repopulated to a significant 
extent by migratory oligodendrocyte precursor cells 
present in the adjacent unaffected tissue. Hence, strat- 
egies intended to promote endogenous remyelination in 
multiple sclerosis patients should focus on both enhan- 
cing the long-term survival of oligodendrocyte precur- 
sor cells and on stimulating these cells to proliferate 
and differentiate into remyelinating oligodendrocytes. 



Keywords: demyelination; multiple sclerosis; 04; oligodendrocyte precursor cell; remyelination 

Abbreviations: GalC = galactocerebroside; GFAP = glial fibrillary acidic protein; HLA = human leucocyte antigen; 
MBP = myelin basic protein; MOG = myelin oligodendrocyte glycoprotein; PDGF = platelet-derived growth factor; 
PP = primary progressive; RR = relapsing-remitting; SP = secondary progressive 



Introduction 

The generation of new myelin-forming oligodendrocytes in 
the inflammatory, demyelinating disease multiple sclerosis 
fails as disease progresses, resulting in the formation of 
confluent areas of persistent demyelination, impairment of 
impulse conduction along the denuded axons and neuro- 

© Oxford University Press 2002 



logical symptoms (Smith, 1996; Lassmann et al, 1997; 
Prineas and McDonald, 1997; Lucchinetti et ai, 2000; 
Wingerchuk et al, 2001). This situation is very different 
from that observed in experimental models of demyelinating 
disease where the generation of new oligodendrocytes, re- 
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♦Brain lesions from multiple sclerosis cases 17-26 were analysed in a previous study (Wolswijk, 1998^); oligodendrocyte precursor and 
macrophage densities in these brain lesions are included in the data presented in Fig, 3. 



ensheathment of denuded axons, restoration of impulse 
conduction and functional recovery frequently are complete 
(Ludwin, 1981; Jeffery and Blakemore, 1997; Wolswijk, 
1998a; Franklin, 1999). The remyelinating cells in such 
models are generated by a population of immature cells 
capable of proliferation, migration and differentiation along 
the oligodendrocyte pathway (Ludwin, 1979; Arenella and 
Hemdon, 1984; Godfraind et a/., 1989; Rodriguez, 1991; 
Carrol and Jennings, 1994; Gensert and Goldman, 1997; 
Franklin et al, 1997; Keirstead et a/., 1998; Redwine and 
Armstrong, 1998; Di Hello et a/., 1999). The expansion of the 
oligodendrocyte precursor population and the production of 
new myelin-forming cells in response to demyelination is 
controlled by a number of growth factors, and their mRNAs 
are upregulated in distinct patterns during the remyelination 
process depending on whether they stimulate precursor 
proliferation and migration or promote oligodendrocytic 
differentiation (Wolswijk et at., 1991; Komoly et aL, 1992; 
Tourbah et al, 1992; Wolswijk and Noble, 1992; Yao et a/., 
1995; Engel and Wolswijk, 1996; Shi et a/., 1998; Hinks and 
Franklin, 1999; Messersmith et ai, 2000). The success of 
repair of experimentally induced lesions is thought to be 
influenced by ageing, sex, the size of the lesion and the extent 
to which the oligodendrocyte precursor population is affected 
by the disease process (Gilson and Blakemore, 1993; Franklin 
et al, 1997; Keirstead et ai, 1998; Shields et al, 1999). 



The limited success of myelin repair during the chronic 
phase of multiple sclerosis appears, in many cases, not to be 
the result of the concomitant destruction of both oligoden- 
drocytes and their precursor cells. This notion has come from 
recent histopathological studies demonstrating that brain 
lesions from subjects with longstanding multiple sclerosis 
often contain substantial numbers of oligodendrocyte precur- 
sor cells, identified using the 04 antibody (Wolswijk, 1998^?), 
antibodies to the platelet-derived growth factor (PDGF)-a 
receptor (Scolding et a/., 1998; Wolswijk, \99%b\ Maeda 
et al, 2001) and antibodies to the NG2 chondroitin sulphate 
proteoglycan (Chang et a/., 2000) (reviewed in Wolswijk, 
1998a; Dawson et aL, 2000; Levine et al., 2001). Although 
many oligodendrocyte precursor cells apparently survive the 
demyelination process in chronic stage multiple sclerosis, 
they appear to be in a relatively quiescent state (Wolswijk, 
1998^, 2000). This finding raises the possibility that 
remyelination in chronic multiple sclerosis is scanty or 
absent because of the failure of the local oligodendrocyte 
precursor population to expand and generate new myelin- 
forming oligodendrocytes. Since lesion repair is more 
successful during the early course of multiple sclerosis 
(Prineas et aL, 1989; Raine and Wu, 1993; Prineas and 
McDonald, 1997; Lucchinetti et aL, 2000), it suggests that the 
proliferation and differentiation of oligodendrocyte precursor 
cells become gradually more impaired with progression of the 
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disease. Thus, the lesion environment changes from one 
conducive to remyeUnation to one hampering endogenous 
repair processes, because of either the absence of growth 
factors implicated in remyelination, the presence of inhibitory 
molecules or the presence of the scar tissue formed by 
astrocytes (Wolswijk, 1998a). Another intriguing possibility 
that has emerged from a recent study in the rat is that the 
therapeutic administration of glucocorticoids may impair the 
proliferative capacity of the oligodendrocyte precursor 
population (Alonso, 2000). 

Demyelinated lesions also develop in the spinal cord of 
many multiple sclerosis patients and, because of their 
location, they can have devastating consequences in terms 
of disability (Smith, 1996; Prineas and McDonald, 1997). To 
gain further insights into the failure of lesion repair in 
multiple sclerosis, the present study has analysed demyeli- 
nated spinal cord samples obtained at autopsy from 16 
subjects with longstanding multiple sclerosis for the presence 
of oligodendrocyte precursor cells, using indirect immuno- 
fluorescence techniques and confocal laser scanning micro- 
scopy. 



Material and methods 

Treatment of post-mortem spinal cord tissue 

Spinal cord and brain tissue was obtained from The 
Netherlands Brain Bank (NBB; co-ordinator, R. Ravid); the 
NBB received permission for performing autopsies, for the 
use of tissue and for the access to medical records for research 
purposes from the Ethical Committee of the Medical Faculty 
of the Free University, Amsterdam, The Netherlands. Within 
4 h 50 min-1 6 h 45 min after death (mean 8 h 25 min ± 3 h 00 
min), spinal cord samples (5-10 mm in length) and brain 
lesions from subjects with longstanding multiple sclerosis 
(Table 1) were placed in a solution of 4% paraformaldehyde 
in PBS (phosphate-buffered saline, pH 7.4), stored for 1-7 
days at 4°C, and incubated in a solution of 30% sucrose in 
PBS for 1-3 days at 4°C under constant rotation. The tissue 
was then placed into a boat prepared from aluminium foil and 
filled with Tissue-Tek optimum cutting temperature embed- 
ding compound (Sakura Finetek Europe B.V., Zoeterwoude, 
The Netherlands), frozen on dry ice and stored at -80°C 
(Wolswijk, 1998^?, 2000). Separate blocks of brain and spinal 
cord tissue were processed for neuropathological examination 
by Dr W. Kamphorst, Department of Pathology, Academic 
Hospital of the Free University, Amsterdam, The 
Netherlands. 

Immunohistochemistry 

Sections of 10 ^im were cut from each tissue block using a 
Reichert-Jung 2800 cryostat (cutting temperature -20 to 
-25°C), mounted onto SuperFrost*/Plus microscope slides 
(Menzel-Glaser, Braunschweig, Germany) and immunola- 
belled, either directly or after storage at -20°C, using either 



indirect immunofluorescence or immunoperoxidase tech- 
niques, as described before (Wolswijk, 1998/?, 2000). 
Sections were incubated for 1-7 days at 4°C in the primary 
antibody solutions, rinsed several times in TBS (Tris-buffered 
saline, pH 7.6) and then incubated for 2 h at room temperature 
or overnight at 4°C with the fluorochrome [FTTC (fluorescein 
isothiocyanate), TRITC (tetramethylrhodamine isothio- 
cyanate), Cy3 or Cy5]-conjugated or biotinylated anti-rabbit 
or mouse IgG (H+L), or anti-mouse Ig subclass-specific 
antibodies (purchased from either Southern Biotechnology 
Associates, Inc., Birmingham, Ala., USA or Jackson 
ImmunoResearch, West Grove, Pa., USA). The binding of 
the biotinylated antibodies was visualized by incubating 
sections in the presence of the Vectastain ABC kit reagents A 
and B (Vector Laboratories, Inc., Burlingham, Calif., USA) 
followed by substrate {a filtered solution of 0.42 mg/ml 3- 
amino-9-ethyIcarbazoIe [dissolved in dimethyl formamide 
(Merck, Darmstadt, Germany)] and 0.01% H2O2 (Merck) in 
0.05 M sodium acetate (Sigma Chemical Company, St Louis, 
Miss., USA) buffer, pH 5.0} or by incubating sections in the 
presence of fluorochrome-coupled streptavidin (Vector). The 
primary antibodies used in the present study were: (i) the 
mouse 04 monoclonal antibody (Sommer and Schachner, 

1981) ; (ii) a mouse IgGs anti-galactocerebroside (GalC) 
monoclonal antibody (the Ranscht antibody; Ranscht et ai, 

1982) ; (iii) a rabbit antiserum to myelin basic protein (MBP; a 
gift from Dr H. van Noort, TNO, Leiden, The Netherlands); 
(iv) a mouse IgGj anti- myelin oligodendrocyte glycoprotein 
(MOG) antibody [the YIO antibody (Piddlesden et al, 1993), 
a gift from Dr S. Piddlesden]; (v) a rabbit antiserum to the 
NG2 chondroitin sulphate proteoglycan (a gift from Dr J. 
Levine, State University of New York, Stony Brook, NY, 
USA); (vi) an IgG2a mouse monoclonal antibody to 
chondroitin sulphate proteoglycan (the 9.2.27 antibody; 
PharMingen, San Diego, Calif., USA); (vii) a rabbit 
antiserum to the PDGF-a receptor [the R7 rabbit polyclonal 
antibody raised against a synthetic peptide from the C- 
terminal end, which was also used in the study of Scolding 
et al, 1998); a gift of Dr C.-H, Heldin, Ludwig Institute for 
Cancer Research, Uppsala, Sweden]; (viii) a mouse IgGi anti- 
neurofilament monoclonal antibody [the RT97 antibody 
(Wood and Anderton, 1981); Boehringer Mannheim, 
Germany]; and (ix) a mouse IgGi anti-human leucocyte 
antigen (HLA)-DP, DQ, DR antigen (major histocompat- 
ibility complex class II) monoclonal antibody (Dako A/S, 
Glostrup, Denmark). Antibodies were diluted in TBS con- 
taining 0.25% Triton X-100 (Sigma) and/or 5% heat- 
inactivated calf serum (Sigma). Nuclei were visualized by 
incubating sections in 1 mg/ml Hoechst 33258 (Sigma) (for 
conventional fluorescence microscopical analysis), in 1 mM 
TO-PRO-3 iodide (Molecular Probes, Eugene, Oreg,, USA) 
(for confocal laser scanning microscopical analysis) or in a 
haematoxylin solution (for bright-field microscopical analy- 
sis). At the end of the staining procedure, a drop of glycerol 
containing 22 mM 1 ,4-diazobicyclo [2,2,2] octane (Sigma) 
was placed on the section (to reduce fading of the 
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fluorochromes), followed by a glass coverslip. The excess 
glycerol was removed and the coverslip was then sealed using 
clear nail varnish. Sections were viewed on a Zeiss Axiophot 



microscope equipped with phase-contrast, bright-field and 
dark-field optics, epi-UV illumination and selective filters 
optimized for distinguishing between HTC and TRITC/Cy3 





(B) '^"^^Mi: vX^--'' 




Fig. 1 Details of multiple sclerosis spinal cord samples with demyelination. (A) Low power view of a cross-section through a multiple 
sclerosis spinal cord (Case 5) immunolabelled with antibodies to myelin basic protein (MBP; green, FITC) and neurofilament (red, 
TRITC), an intermediate filament found in axons. Note that the central portion of this spinal cord section, including the grey matter, 
contains virtually only demyelinated axons, (see also Table 2). Very few debris-laden macrophages were present in this spinal cord 
sample (Table 3), suggesting that the demyelinating activity had occurred some time ago. Diameter of the spinal cord, 7 mm. (B) Low 
power view of a section cut from the spinal cord sample from multiple sclerosis case 14 that was immunolabelled with antibodies to 
HLA-DP, DQ, DR antigens (green, FITC), which label activated cells of the microglial/macrophage lineage, and antibodies to MBP (red, 
Cy3). The activated microglia/macrophages were found mostly at the borders of the lesional areas. Note that the grey matter is partially 
affected by the demyelination process (Table 2). Diameter of the spinal cord, 9 mm. (C) Detail of an area of a multiple sclerosis spinal 
cord (Case 3) with very few myelinated axons. Axons were visualized with antibodies to neurofilament (red, TRITC), while the myelin 
rings were visualized with antibodies to MBP (green, FITC). Image size, 200 ^im X 200 ^im. (D) HLA-DP, DQ, DR-positive microglia/ 
macrophages (arrow; green, FITC) were sometimes observed within layers of MBP-positive myelin segments (red, Cy3); nuclei were 
visualized with the nuclear dye TO-PRO-3 iodide (blue). Immunoreactivity for HLA- DP, DQ, DR is also visible in another myelin ring 
(arrowhead). Multiple sclerosis case 9. Image size, 35 pm X 35 pm. (E) Most demyelinated areas of the spinal cord samples were packed 
with GFAP-positive filaments (green, FITC), an intermediate filament found in astrocytes. The small numbers of myelin sheaths in the 
lesion area shown were labelled with antibodies to GalC (red, TRITC). Multiple sclerosis case 3, Image size, 200 pm X 200 pm. 
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Table 2 Details of spinal cord samples with demyelination 


MS case 


% Spinal cord section 




Extent of grey 


% Spinal cord section 


Highest density of phase- 






matter 


with phase-bright 


bright macrophages 




Completely 


Affected 


involvement* 


macrophages 


(cells/mm^) 




demyelinated 










1 


^ nc 
>VD 


1 (\{\ 

lUU 


+++ 




200-250 


2 


70-80 




+++ 


fU— JU 


QOn-950 


3 


50-60 




++ 




250-300 


4 


J 0-40 




+++ 


VI 


ND 


5 


60-70 


>yD 


+++ 


s in 

J— lU 




6 


<5 


>5 


+ 


<5 


650-700 


7ta 


50-60 


>90 


+++ 


20-30 


650-700 


7b 


50-60 


>95 


+++ 


10-20 


400-^50 


8 


10-20 


>20 


+ 


<1 


ND 


9 


50^0 


>70 


++ 


10-20 


650-700 


10 


80-90 


>90 


++ 


<1 


ND 


11 


10-20 


>20 


+ 


<1 


ND 


12 


10-20 


>20 


++ 


<1 


ND 


13 


10-20 


>30 


++ 


<5 


200-250 


14 


30^0 


>40 


++ 


10-20 


400-450 


15 


>95 


100 


+++ 


<1 


ND 


16 


10-20 


>60 


+++ 


<5 


250-300 



*The grey matter area of the spinal cord samples studied either had some demyelination (+) or were (almost) completely demyelinated 
(+++), ^Two different spinal cord samples (a and b) from multiple sclerosis subject 7 were analysed. 



and Hoechst emission, or on a Zeiss 410 inverted confocal 
laser scanning microscope with three different lasers emitting 
at 488, 543 and 633 nm to excite HTC, TRITC/Cy3 and TO- 
PRO-3 iodide/Cy5, respectively, and with bright-field optics. 

Cell counts and data analysis 

The density of the populations of 04-positive, GalC-negative 
oligodendrocyte precursor cells, process-bearing GalC-posi- 
tive oligodendrocytes and phase-bright macrophages in 
completely demyelinated areas of the spinal cord sections 
was calculated from the number of cells present in micro- 
scope fields with a size of 1/16 (0.0625) mm^ [^30 fields/ 
section (n = 3 sections)]. Depending on the size of the lesion 
area, either every adjacent microscope field or up to every 
fifth field was analysed. Microcal Origin 5.0 software was 
used to plot and analyse the data. 

Results 

Characteristics spinal cord tissue with 
demyelination 

Seventeen spinal cord samples (5-10 mm in length) from 16 
subjects with chronic multiple sclerosis (Table 1) were 
analysed for the presence of oligodendrocyte precursor cells. 
The collection included samples from subjects with 
relapsing-remitting (RR) multiple sclerosis (1 case), primary 
progressive (PP) multiple sclerosis (two cases) and secondary 
progressive (SP) multiple sclerosis (seven cases); the remain- 
ing six subjects died during the progressive phase of the 



disease, but it was not clear from their medical records 
whether they had suffered from the PP or SP form of multiple 
sclerosis. The 17 blocks had areas of complete demyelination 
ranging from <5% to >95% of a complete spinal cord cross- 
section, including the grey matter region (Fig. 1 and Table 2). 
These areas contained numerous axons, identified using 
antibodies to neurofilament, but it is likely that axon loss had 
occurred in these regions, either because of injury occurring 
in the lesion area itself or because of the presence of other 
lesions along the length of the spinal cord (secondary 
Wallerian degeneration) (Prineas and McDonald, 1997). 
Areas with reduced numbers of myelinated axons with or 
without demyelinated axons were observed in most samples 
and, in seven cases, >95% of the cross-section was affected 
by the disease process (Table 2). None of the spinal cord 
samples contained significant areas lacking both myelin and 
axons, i.e. areas larger than the size of a microscope field of 
0.0625 mm^. Mature oligodendrocytes lacking myelin-form- 
ing processes were either absent or present in only small 
numbers in the affected regions. Remyelinated axons, i.e. 
axons surrounded by weakly MOG-positive, thin myelin 
sheaths, were rarely observed. The lesion areas were packed 
with glial fibrillary acidic protein (GFAP)-positive filaments 
(Fig. 1), an intermediate filament found in astrocytes. 

Numerous macrophages filled with myelin degradation 
products were present in 11 of the 17 blocks and they 
occupied up to 50% of the spinal cord cross-sections, with 
densities of up to 900-950 cells/mm^ section (10 |xm thick) 
(Table 2). They were distributed either throughout the lesion 
area, concentrated at the lesion edges (see Fig. 1) or present in 
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small clusters in areas with still many myelinated axons. 
Immunolabellings involving antibodies to HLA-DP, DQ, DR 
[major histocompatibility complex class 11] antigens showed 
that most samples contained activated cells of the microglia/ 
macrophage lineage (Fig. 1). Confocal laser scanning micro- 
scopic analysis revealed many examples in which the 
activated microglia/macrophages appeared to have engulfed 
individual myelin rings, or contained either MBP-positive 
myelin fragments or diffuse MB? immunoreactivity. 
Moreover, HLA-DP, DQ, DR-positive cells were sometimes 
observed within layers of the myelin sheaths (Fig. 1). The 
myelin-free areas of the sections contained lower numbers of 
phase-bright macrophages (Table 3) and these cells tended to 
lack immunoreactivity for MBP. 

Oligodendrocyte precursor cells in demyelinated 
spinal cord lesions 

The multiple sclerosis spinal cord sections were immunola- 
belled with three different antibody markers for oligoden- 
drocyte precursor cells, i.e. the 04 monoclonal antibody 
(Sommer and Schachner, 1981) [in combination with anti- 
bodies to GalC to distinguish between 04-positive, GalC- 
negative oligodendrocyte precursor cells and 04-positive, 
GalC-positive oligodendrocytes (Wolswijk, 1998^?)] and 
antibodies to the PDGF-a receptor and NG2 chondroitin 
sulphate proteoglycan. Consistent and reliable labelling in all 
spinal cord samples (and spinal nerves) of oligodendrocyte 
lineage cells and/or of myelin was observed only with the 04 
antibody (Fig. 2), with no obvious deleterious effects of 
autolysis time of the tissue and length of fixation (see also 
Back et aL, 2001). With two different antibodies to NG2 [a 
rabbit antiserum and the 9.2.27 monoclonal antibody used by 
Chang et aL (2000)], only consistent labelling was found of 
blood vessels and of cells in the spinal nerves (Fig. 2), which 
are probably non-myelinating Schwann cells (Schneider a/., 
2001). Only very occasionally, a cell with an oligodendrocyte 
precursor-like morphology expressed NG2 in the spinal cord 
sections. NG2-labelling in the spinal cord sections was, 
however, only seen following long incubations with the 
primary antibody and using an amplification step (Chang 
et aL, 2000). Using this improved immunolabelling protocol, 
NG2-positive, oligodendrocyte precursor-like cells were now 
observed in brain lesions derived from multiple sclerosis 
cases 13 and 14 (Fig. 2), in contrast to that reported 
previously (Wolswijk, 1998^?). These results suggest that if 
oligodendrocyte precursor cells in the multiple sclerosis 
spinal cord express NG2, they do so at much lower levels than 
oligodendrocyte precursor cells in brain lesions and non- 
myelinating Schwann cells in spinal nerves. No convincing 
labelling of oligodendrocyte precursor-like cells in the spinal 
cord sections was obtained with the R7 polyclonal antibody to 
the C-terminus of the human PDGF-a receptor (Claesson- 
Welsh et aL, 1989), which was also used in the study of 
Scolding and co-workers (Scolding et aL, 1998); using the 



Table 3 Densities of oligodendrocyte precursor cells, 
immature oligodendrocytes and phase-bright macrophages 
in demyelinated spinal cord and brain lesions 

MS case Number of cells/mm^ 

04-positive, 04-positive Phase-bright 
GalC-negative GalC-positive macrophages 



Spinal cord lesions 



1* 


10.6 




1.3 


0.2 ± 


0.4 


0.2 




0.4 


2* 


33.2 




5.6 


4.2 ± 


2.5 


245.0 




37.3 


3 


34.8 




1.8 


3,5 ± 


1.8 


1.4 




1.8 


4 


1.6 


-»- 


l.O 


<0.2 




0,3 




0.3 


5 


12.9 




0.4 


<0.2 




5.2 




5.9 


6 


1.7 




2.6 


<0.2 




2.0 




0.9 


7a^ 


10.0 




4.3 


0.3 ± 


0.5 


37.3 


— 


16.6 


7b 


9.5 




7.1 


0.2 ± 


0.3 


1./ 




U. / 


8 


<0.2 






<0.2 




<0.2 






9 


19.2 




7.6 


0,9 ± 


0.6 


164.6 




14.7 


10 


9.1 


± 


2.3 


<0.2 




<0.2 






11 


<0.3 






<0.3 




<0.3 






12 


3.0 




1.9 


<0.2 




<0.2 






13 


1.0 




1.7 


<0.3 




10.7 




7.3 


14 


10.8 




5.7 


<0.2 




41.7 




4.6 


15 


10.5 




2.1 


<0.2 




2.5 


± 


0.9 


16 


16.7 




0.8 


<0.2 




<0.2 






Brain lesions 


















7 


19.6 




0.7 


0.2 ± 


0.3 


32.9 




7,2 


8 


11.7 




2.0 


<0.2 




0.7 


± 


1.2 


10 


13.0 




2.6 


0.5 ± 


0.6 


0.6 




0.6 


11 


8.3 




1.3 


<0.2 




2.7 


± 


1.4 


13 


25.6 


-«- 


4.4 


0.2 ± 


0.3 


25.1 




18.9 


14a* 


38.4 




3.8 


4.3 ± 


1.1 


188.1 




9.3 


14b 


12.6 




4.8 


0.2 ± 


0.3 


10.0 


± 


6.1 


15 


10.8 




4.1 


<0.2 




3.0 




1.7 


16 


16.8 


± 


1.8 


<0.3 




4.8 




3.0 



♦Brain lesions from multiple sclerosis cases 1 and 2 were 
examined in a previous study (Wolswijk, 1998^). ^Two different 
spinal cord samples (a and b) from multiple sclerosis subject 7 
were analysed. *Two different brain lesions (a and b) from 
multiple sclerosis case 14 were analysed. 



same immunolabelling procedure, these antibodies did label 
reproducibly process-bearing, oligodendrocyte precursor-like 
cells in sections of marmoset and rhesus monkey brain tissue 
(G. Wolswijk, B. 't Hart and H. Brok, unpublished observa- 
tions). 

04-positive, GalC-negative cells were observed through- 
out the demyelinated areas of most spinal cord samples, 
including the affected grey matter areas (Table 3). They had 
an oval-shaped cell body containing an oval or irregular- 
shaped nucleus and little cytoplasm (Fig. 2). The small 
number of processes (1^) that emanated from their cell body 
were fine, and sometimes long (Fig. 1); an occasional 04- 
positive, GalC-negative cell had a more elongated morph- 
ology. These cells were in close proximity to numerous 
demyelinated axons and were embedded in an often dense 
network of GFAP-containing astrocytic processes (Figs. 1 
and 2). 

The highest numbers of 04-positive, GalC-negative cells 
were observed in the demyelinated areas of the spinal cord 
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(A) 



(B) 






(F) 



Fig. 2 Details of oligodendrocyte precursor cells in demyelinated spinal cord lesions. (A) Two 04-positive (green, FITC), GalC-negative 
(blue, Cy5) oligodendrocyte precursor cells in an area with large numbers of neurofilament-positive (red, TRITC), demyelinated axons. 
The arrowhead points to a GalC-positive process that has enwrapped a denuded axon; the oligodendrocyte to which this process belonged 
was in another section. Multiple sclerosis case 9. Image size, 135 \im X 135 |xm. (B) Oligodendrocyte precursor cell that had bound the 
04 antibody (red, TRITC), but not antibodies to GalC (blue, cyS), in an area with macrophages expressing HLA-DP, DQ, DR antigens 
(green, FITC). Multiple sclerosis case 14. Image size, 45 X 45 [im. (C) 04-positive, GalC-negative oligodendrocyte precursor cells 
appear to lack the astrocyte- specific intermediate filament GFAP, as shown previously for 04-positive, GalC-negative cells in brain 
lesions (Wolswijk, 1998^). The expression of GFAP in most demyelinated areas of the spinal cords studied was much more pronounced 
than in the image shown here (see Fig. IE) (04 = red, TRITC; GalC = blue, Cy5; GFAP = green, FITC). Multiple sclerosis case 5. Image 
size, 50 ^im X 50 ^im. (D) Some processes of the GalC-positive cell (red, TRITC) shown were connected to MBP-positive (green. FITC) 
myelin sheaths (arrow), while others had encircled individual neurofilament-positive (blue, Cy5) axons, but had not formed myelin 
(arrowheads). The cell body of this, presumably immature, oligodendrocyte contained some MBP immunoreactivity. Multiple sclerosis 
case 2. Image size, 105 ^im X 105 ^m. (E) NG2-positive (green, FITC) oligodendrocyte precursor cell in a brain lesion from multiple 
sclerosis case 13. The cell shown was present in a demyelinated area containing many HLA-DP, DQ, DR-positive macrophages (red, 
TRITC); nuclei were visualized with the nuclear dye TO-PRO-3 iodide (blue). Although NG2-positive cells were observed in a brain 
lesion from multiple sclerosis case 13, no NG2-positive cells were observed in the spinal cord sample from this subject. However, the 
antibodies to NG2 did label cells in spinal nerve tissue from all multiple sclerosis subjects (see Fig. 2F). Image size, 90 ^im X 90 ^im. (F) 
NG2-positive cell (red, Cy3) in a spinal nerve attached to the spinal cord sample obtained from multiple sclerosis case 8; nuclei in the 
section were visualized with TO-PRO-3 iodide (blue). A recent study has suggested that NG2-positive cells in adult rat peripheral nerves 
are non-myelinating Schwann cells (Schneider et aL, 2001). Image size, 80 ^im X 80 fim. 



sections from multiple sclerosis cases 2 and 3 (33-35 cells/ 
mm^ section; 10 thick sections) (Table 3 and Fig. 3), with 
up to seven cells/microscope field (size: 1/16 mm^). Although 
both samples harboured comparable numbers of 04-positive 
GalC-negative cells, the spinal cord lesion from multiple 
sclerosis case 2 contained many phase-bright macrophages 
(245.0 ± 37.3 cells/mm^), while the spinal cord lesion from 
multiple sclerosis case 3 virtually lacked macrophages (Table 
3 and Fig. 3), suggesting it was a relatively old lesion; it has 
been suggested that it can take >6 months for debris-laden 
macrophages to disappear from demyelinated areas (Briick 
et al, 1995). Eight of the spinal cord samples contained 



between 10 and 20 04-positive, GalC-negative cells/mm^, 
while oligodendrocyte precursor cells were rare (^3.0 cells/ 
mm^) in the demyelinated samples from multiple sclerosis 
cases 4, 6, 8, 11, 12 and 13 (Table 3). Oligodendrocyte 
precursor cells were detected in demyelinated spinal cord 
tissue derived from both subjects with PP multiple sclerosis 
(9.1 ± 2.3 and 10.6 ± 1.3 cells/mm^) and from six out of 
seven subjects with SP multiple sclerosis (up to 34.8 ± 1.8 
cells/mm2) (j^ble 3). 

Statistical analysis indicated that there was a significant 
negative correlation between the density of 04-positive, 
GalC-negative precursor cells in the demyelinated spinal cord 
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Fig. 3 There is a positive correlation between the density of the 
oligodendrocyte precursor population and the macrophage 
population in spinal cord and brain lesions from subjects with 
chronic multiple sclerosis. The data suggest that the number of 
04- positive, GalC-negative oligodendrocyte precursor cells/nmi^ 
section was higher in lesions containing numerous macrophages 
than in lesions with only small numbers of macrophages [data 
from 17 spinal cord (squares) and 24 brain lesions (triangles)]; 
15 brain lesions were analysed in a previous study (Wolswijk, 
1998^; see Table I for details of these multiple sclerosis cases). A 
clear exception was the spinal cord sample with demyelination 
obtained from Case 3, which had one of the highest precursor 
densities (35 ± 2 cells/mm^), but virtually lacked macrophages 
(<3 cells/mm^). Since a higher proportion of the lesions obtained 
from the older multiple sclerosis subjects, who also had a longer 
disease duration, lacked macrophages, there was a negative 
correlation between the density of the 04-positive, GalC-negative 
oligodendrocyte precursor population and the age of the multiple 
sclerosis subject at death, and length of the disease process. 
MS = multiple sclerosis. 



cord samples (<0.5 cell/mm^ section). The three exceptions 
were those derived from multiple sclerosis cases 2 (4.2 ± 2.5 
cells/mm2), 3 (3.5 ± 1.8 cells/mm^) and 9 (0.9 ± 0.6 cells/ 
mm^); these lesions also harboured the highest numbers of 
04-positive, GalC-negative cells/mm^ section (Table 3). 
These presumably newly generated oligodendrocytes tended 
to be present in clusters [with up to four cells/microscope 
field (1/16 mm^)] and these clusters also contained 04- 
positive, GalC-negative cells (Fig. 2). The processes of some 
of the GalC-positive cells had encircled individual denuded 
axons in the lesion area and/or were connected to MBP- 
positive myelin sheaths (Fig. 2). 



Oligodendrocyte precursor cells in brain lesions 
Appropriately fixed brain lesions were available from three of 
the six chronic multiple sclerosis cases with no or only small 
numbers of 04-positive, GalC-negative cells in their spinal 
cord lesions (multiple sclerosis cases 8, 11 and 13). 
Immunolabellings demonstrated that these brain lesions 
retained numerous 04-positive, GalC-negative cells 
(8.3 ± 1.3, 11.7 ± 2.0 and 25.6 ± 4.4 cells/mm^) (Table 
3). These cells were also abundant in demyelinated brain 
lesions analysed from some of the other multiple sclerosis 
cases (n ^ 7; range 10.5 ± 2.0 to 38.4 ± 3.8 cells/mm^; Table 
3). GalC-positive cells with an immature morphology were 
present in only very small numbers in the brain lesions (Table 
3), as shown previously (Wolswijk, 2000). The highest 
density was observed in a brain lesion from multiple sclerosis 
case 14 (4.3 ± 1.1 cells/mm^), which also contained the 
highest density of 04-positive, GalC-negative cells 
(38.4 ± 3.8 cells/mm^) and phase-bright macrophages 
(188.1 ± 9.3 cells/mm2) (Table 3). 



areas, and the age of the multiple sclerosis subject at death 
{P = 0.0002) (Fig. 3) and clinical disease duration (P = 0.006); 
as expected, the length of the disease process increased 
significantly with age of the multiple sclerosis subject 
(P = 0.004). Moreover, there was a positive correlation 
between the density of the macrophage population, which 
gives an indication of the relative age of the lesion (Ozawa 
et aL, 1994; Briick et al, 1995), and the density of the 
oligodendrocyte precursor cell population {P = 0.0132), 
suggesting that lesions with few if any macrophages, i.e. 
relatively old lesions, contained fewer 04-positive, GalC- 
negative cells than lesions with numerous macrophages, i.e. 
relatively fresh lesions. A clear exception was the spinal cord 
sample from multiple sclerosis case 3, which harboured many 
04-positive, GalC-negative cells, but lacked macrophages. 
The analysis further showed that spinal cord lesions with only 
small numbers of macrophages (<10 cells/mm^) were most 
often derived from subjects over the age of 65 (Fig. 3). 

Immature GalC-positive oligodendrocytes were rare in the 
demyelinated areas of most chronic multiple sclerosis spinal 



Factors influencing the density of the 
oligodendrocyte precursor population in 
multiple sclerosis lesions 

The combined results from the spinal cord and brain lesions 
(41 lesions in total) analysed in the present study and 
previously [Wolswijk, 1998Z?; see Table 1 for details of the 
multiple sclerosis subjects whose brain lesions (w = 15) were 
studied previously] further supported the indications that the 
density of the 04-positive, GalC-negative cells in the lesion 
areas gradually decreased with increasing age of the multiple 
sclerosis subject {P < 0.0001) (Fig. 3), length of the disease 
process {P = 0.006) and with declining numbers of 
macrophages {P < 0.0001.) Moreover, the density of the 
macrophage populations in the lesions also decreased with 
age of the multiple sclerosis subject at death {P - 0.040) (see 
Fig. 3). Furthermore, the density of the 04-positive, GalC- 
negative cell population (and macrophage population) in 
lesions (n = 5) derived from subjects with the PP form of 
multiple sclerosis (n = 4) was not significantly different from 
that in lesions (n = 16) derived from subjects with the SP form 
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of multiple sclerosis (n = 12) [12.0 ± 7.6 Versus 16.5 ± 8.8 
04-positive, GalC- negative cells/mm^ (and 28.8 ± 62.3 
versus 47.9 ± 69.6 macrophages/mm^)]. 

Discussion 

The present study establishes for the first time that 04- 
positive, GalC-negative oligodendrocyte precursors are 
abundant in demyelinated spinal cord lesions from most 
subjects with longstanding multiple sclerosis {n - 16), 
including those with the PP and SP form, with densities of 
up to 35 cells/mm^. The present findings thus extend those of 
previous histopathological studies demonstrating the pres- 
ence of a sizeable population of oligodendrocyte precursor 
cells in demyelinated brain lesions from subjects with chronic 
multiple sclerosis, identified using either the 04/anti-GalC 
antibody combination (Wolswijk, 1998^?; 14 multiple scler- 
osis cases; range of densities 2-34 cells/mm^), antibodies to 
the NG2 chondroitin sulphate proteoglycan [Chang et al, 
2000; five multiple sclerosis cases; densities were only 
reported for three inactive lesions from a single chronic 
multiple sclerosis case (40-80 NG2-positive cells/mm^ in 
30 ^m thick sections, which corresponds to a density of 13- 
27 cells/mm^ cells in 10 ^im thick sections)] or antibodies to 
the PDGF-a receptor (Scolding et al, 1998; five multiple 
sclerosis cases; range of densities 1-3 PDGF-a receptor- 
positive eel Is/ 100 nuclei). A recent study has reported, 
however, that brain lesions often contain much higher 
numbers of PDGF-a receptor-positive cells and that many 
of these cells are not oligodendrocyte precursor cells, but 
either oligodendrocytes or astrocytes (Maeda et aL, 2001). 

Analysis of the density of 04-positive, GalC-negative 
oligodendrocyte precursor cells in demyelinated spinal cord 
(n = 17) and brain lesions {n = 24) from 26 subjects with 
chronic multiple sclerosis suggests that their density 
decreased significantly with increasing age of the multiple 
sclerosis subject, duration of clinical symptoms and increas- 
ing age of the lesion, as judged by the presence and number of 
macrophages filled with myelin degradation products. The 
factor most likely to influence the density of the oligoden- 
drocyte precursor population in the lesions is probably the age 
of the lesion, because, as would be expected, lesions with 
only small numbers of macrophages were derived most 
commonly from the older subjects with a long duration of 
clinical symptoms. If this is indeed the case, it suggests that 
04-positive, GalC-negative precursor cells slowly disappear 
from demyelinated areas with lesion progression, possibly 
due to diminishing amounts of appropriate survival factors. 
Moreover, the presence of only small numbers of oligoden- 
drocyte precursor cells in relatively old lesions suggests that 
migration of precursor cells from unaffected spinal cord 
regions into lesion areas is limited, in contrast to what is 
observed in some models of CNS demyelination (Franklin 
et aL, 1997; Keirstead et aL, 1998). Repeated damage may 
also play an important role in the depletion of the 
oligodendrocyte precursor pool, as suggested by experimen- 



tal studies (Keirstead et al, 1998). The finding that significant 
numbers of immature oligodendrocytes were only present in 
lesions with high precursor densities suggests that the ability 
of precursor cells to differentiate becomes increasingly more 
impaired with lesion evolution. Although some studies have 
provided evidence that lesions in the CNS of patients with PP 
multiple sclerosis differ in some aspects from those present in 
the CNS of patients with the SP form (e.g. Revesz et a/., 1994; 
Lycklama a Nijeholt et a/„ 2001), no significant difference in 
oligodendrocyte precursor densities was found between 
lesions from these patient groups. 

Demyelinated lesions with no or only few 04-positive, 
GalC-negative oligodendrocyte precursor cells (^3.0 cells/ 
mm^) were more common in the spinal cord than in the brain 
of subjects with longstanding multiple sclerosis analysed thus 
far [six out of 17 spinal cord lesions (35%) versus one out of 
24 brain lesions (4%) studied; Wolswijk, 1998^?; present 
study]. This difference appeared not to be patient-specific, as 
immunolabellings of brain lesions from three of the six 
multiple sclerosis subjects with low precursor densities that 
were available for study did contain numerous 04-positive, 
GalC-negative cells (8-26 cells/mm^). Since a higher 
proportion of the brain lesions contained ^10 phase-bright 
macrophages/mm^ than the spinal cord lesions [54% (13 out 
of 24) versus 29% (five out of 17)], it suggests that the spinal 
cord lesions analysed were on average older than the brain 
lesions studied, and, because of this, frequently harboured 
only small numbers of 04-positive, GalC-negative precursor 
cells. 

As reported previously (Wolswijk, 1998Z?), the 04/anti- 
GalC antibody combination was not useful for the detection 
of 04-positive, GalC-negative oligodendrocyte precursor 
cells in areas with large numbers of 04-positive, GalC- 
positive oligodendrocytes and myelin sheaths, and it was thus 
not possible to assess the density of the precursor population 
in control and unaffected multiple sclerosis spinal cord tissue. 
It was thus also not possible to determine whether the density 
of the oligodendrocyte precursor population decreases sig- 
nificantly with age. However, studies in the rat have indicated 
that up to 8% of cells in the adult rat CNS are oligodendrocyte 
precursor cells (Dawson et aL, 2000; Levine et al, 2001). If 
this is also true for the human CNS, it suggests that up to 
37 ± 4 cells/mm^ in the adult human spinal cord are 
oligodendrocyte precursor cells [spinal cord white matter 
from three subjects without neurological disease (54 ± 21 
years of age) contained 463 ± 50 nuclei/mm^ (10 |am thick 
sections)]. This estimate corresponds very well with that 
reported for the intact adult rat spinal cord (McTigue et a/., 
2001). Furthermore, Chang et al (2000) found that between 
140 and 150 cells/mm^ were NG2-positive in the white matter 
surrounding three inactive brain lesions derived from a single 
chronic multiple sclerosis case (30 |U,m thick sections; this 
corresponds to a density of 47-50 cells/mm^ in a 10 |im 
section). These figures are very similar to the highest density 
for 04-positive, GalC-negative oligodendrocyte precursor 
cells found in both brain (38 cells/mm^) and spinal cord 
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lesions (35 cells/mm^), suggesting that death of precursor 
cells during the actual myelin destruction phase in many 
multiple sclerosis cases may be limited. Instead, the data 
suggest that the size of the oligodendrocyte precursor 
population gradually decreases with advancing age of the 
lesion. However, there are clearly some exceptions. For 
example, one of the two spinal cord lesions with the highest 
density of precursor cells completely lacked macrophages 
(Table 3), while two distinct regions of a brain lesion studied 
previously (Wolswijk, 1998^) harboured comparable num- 
bers of oligodendrocyte precursor cells, but one area was 
devoid of macrophages, while the other contained numerous 
macrophages laden with myelin degradation products 
(Wolswijk, 1998Z7). These findings thus suggest that the 
number of oligodendrocyte precursor cells in some lesions 
may remain high for prolonged periods of time. 

Complete destruction or severe depletion of the oligoden- 
drocyte precursor population may occur in some cases of 
multiple sclerosis. This indication has come from the study of 
Chang et aL (2000) who found that two actively demyelinat- 
ing brain lesions derived from two multiple sclerosis subjects 
with short clinical duration (<1 year) completely lacked NG2- 
positive cells. Oligodendrocyte precursor cells may die as a 
result of non-specific mechanisms or of a specific immuno- 
logical response to a molecule expressed on the surface of 
oligodendrocyte precursor cells or to a surface molecule that 
these cells share with oligodendrocytes and myelin [e.g. the 
antigen(s) recognized by the 04 antibody]. In this respect, it 
is interesting to note that Niehaus and colleagues found that 
patients with active RR multiple sclerosis synthesize anti- 
bodies recognizing a protein expressed on the surface of rat 
oligodendrocyte precursor cells (Niehaus et aL, 2000), a 
molecule which appears to be homologous to NG2 (Diers- 
Fenger et al, 2001). Thus, it is possible that there are distinct 
multiple sclerosis subtypes with respect to oligodendrocyte 
precursor survival and destruction, as appears to be the case 
for patterns of oligodendrocyte pathology (Lucchinetti et aL, 
2000). To gain further insights into this issue, it will be 
necessary to analyse in detail actively demyelinating lesions 
from both acute and chronic multiple sclerosis cases, but this 
material unfortunately is rare. 

Oligodendrocyte precursor cells in multiple sclerosis 
lesions and control human CNS tissue have been identified 
using different markers. NG2-positive cells in the control 
adult human (and rodent) CNS display a highly complex 
morphology that is distinct from that of ramified microglia, 
astrocytes and myelinating oligodendrocytes (Levine et aL, 
1993; Nishiyama et aL, 1996; Reynolds and Hardy, 1997; 
Oumesmar et aL, 1997; Chang et aL, 2000; Dawson et aL, 
2000). The results obtained with antibodies to the PDGF-a 
receptor are more confusing. Chang et aL (2000) reported that 
PDGF-a receptor-expressing cells in the human CNS express 
a morphology that is very similar to that of NG2-positive 
cells, as do PDGF-a receptor-positive cells in the marmoset 
and rhesus monkey CNS (G. Wolswijk, B. 't Hart and H. 
Brok, unpublished observations). In contrast, Scolding et aL 



(1998) found that such cells were either round or bipolar, 
while Maeda et aL (2001) found that antibodies to the PDGF- 
a receptor labelled the cell body of mature, 2',3'-CNPase 
(cyclic nucleotide phosphohydrolase)-expressing oligoden- 
drocytes in control human brain white matter. 04-positive, 
GalC-negative cells in multiple sclerosis lesions are process 
bearing and resemble morphologically those expressing NG2 
[compare images provided in Wolswijk (1998Z?); Chang et aL 
(2000) and in the present study; see also Dawson et aL 
(2000)], although some NG2-positive cells in some lesions 
appear to express a more elongated morphology (Chang et aL, 
2000). PDGF-a receptor-positive cells in multiple sclerosis 
lesions have been reported to express a rounded or bipolar 
morphology, with none expressing the oligodendrocyte 
markers GalC or Rip and astrocyte marker GFAP (Scolding 
et aL, 1998), while another study presented data indicating 
that cells expressing the PDGF-a receptor in lesion areas 
frequently express CNPase or GFAP (Maeda et aL, 2001), 
suggesting that they are either oligodendrocytes or astrocytes, 
respectively. Clearly, further studies are needed to clarify the 
identity of the various antigenically identified populations 
and to determine whether there are antigenically and 
morphologically distinct subsets of oligodendrocyte precur- 
sor cells. That some overlap may exist is suggested by the 
observations that NG2-positive cells in the cerebral cortex of 
the adult rat bind the 04 antibody (Reynolds and Hardy, 
1997), that NG2-positive cells in the developing rat CNS 
express the PDGF-a receptor (Nishiyama et aL, 1996) and 
that oligodendrocyte precursor cells freshly isolated from 
adult rat optic nerves and spinal cords bind the 04 antibody 
and divide in vitro in response to PDGF (Wolswijk et aL, 
1991 ; Wolswijk and Noble, 1992; Engel and Wolswijk, 1996; 
Shi et aL, 1998), suggesting that the 04-positive cells have 
receptors for PDGF. Indeed, in situ hybridization experiments 
have shown that cultured 04-positive cells from the adult 
human CNS contain transcripts for the PDGF-a receptor 
(Gogate et aL, 1994). 
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The use of animal models to investigate the pathogenesis of 
neurolnflammatory disorders of the central nervous system 

Bert A. 't Hart^'^'" and Sandra Amor^'° 



Purpose of review 

A major hurdle in the research of neuroinflammatory disorders 
of the central nervous system is the inaccessibility of the organ. 
Thus investigation is limited to end-stage disease and systemic 
changes that occur during disease progression, neither of 
which may reflect the pathological process in the central 
nervous system. These factors may explain the lack of effective 
therapies in multiple sclerosis, a common chronic inflammatory 
disease of the central nervous system. To overcome such 
limitations approaches using more relevant animal models have 
been developed to study pathological mechanisms as well as 
the design of rational therapeutic strategies. This review 
describes the animal models used to study pathological 
processes leading to inflammation within the central nervous 
system that may be operating in multiple sclerosis and the use 
of these models in the design of more rational therapeutic 
strategies. 
Recent findings 

The clinical heterogeneity of multiple sclerosis as well as the 
finding of different pathological patterns suggests that multiple 
sclerosis may be a spectrum of diseases that may represent 
different pathological processes. This and the renewed interest 
in the extent of axonal damage has led to the development of 
more relevant animal models, such as those in nonhuman 
primates, that both reflect the spectrum of multiple sclerosis and 
allow the development of species-specific therapeutic 
approaches. 
Summary 

While many animal models are available, the use of relevant 
animal models that mimic either the different forms of multiple 
sclerosis or the spectrum of multiple sclerosis is critical to 
examine those factors, for example genes or proteins, that are 
of pathogenic relevance and can be used as targets for therapy. 
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Abbreviations 

APC antigen-presenting cell 

BBB blood-brain barrier 

CSF cerebrospinal fluid 

CNS central nervous system 

EAE experimental autoimmune encephalomyelitis 

MBP myelin basic protein 

MHO major histocompatibility connplex 

MOG myelin oligodendrocyte glycoprotein 

MS muttiple sclerosis 

SFV Semliki-Forest virus 

TMEV Theiler's murine encephalomyelitis virus 
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Introduction 

With an incidence of one per 1000 affected young adults, 
multiple sclerosis (MS) is the most prevalent inflamma- 
tory disease of the human central nervous system (CNS). 
The pathological hallmark of MS is the lesion, a focally 
demyelinated area within CNS white matter and cortex 
with a variable degree of inflammation, gliosis, axonal 
pathology and remyelination [1]. In a large multicenter 
trial at least four fundamentally different patterns of 
pathology were distinguished [2]. Two patterns show 
close similarity with the pathology in the animal model 
experimental autoimmune encephalomyelitis (EAE), 
where lesions are induced by autoreactive T cells alone 
(pattern I) or T cells plus autoantibodies (pattern II). 
Patterns III and IV do not seem to be of immune origin, 
but rather formed by oligodendrocyte dystrophy. That 
the pathological features of lesions differ between 
patients, but are homogeneous within a patient, suggests 
different underlying pathogenic mechanisms. This has 
obvious consequences for therapy development. 

The factor that triggers the anti-myelin autoimmune 
reaction in genetically susceptible individuals is likely to 
be the activation of preexisting myelin reactive T and B 
cells by a microbial infection [3]. Recent findings from 
genome-wide screens confirm earlier data that an 
important genetic influence is exerted by the major 
histocompatibility complex (MHC) [4]. This highly 
polymorphic genomic region located on chromosome 6 
encodes the HLA class I and II molecules that present 
antigen determinants to specific T cells. This association 
supports a significant contribution of the immune system 
in the pathogenesis of MS. 
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Table 1. Characteristics of experimental models of multiple sclerosis 



Feature 



Rodents 



Ref. 



Nonhuman primates # 



Ref. 



Predisposition 
Genetic 

Infection 
Stress 
Gender 
Diet 

Population 
Prevalence 

Clinical 
Induction 



Spontaneous 

Optic nerve involvement 

Variable course of paralysis 

Hyperacute 

Acute 

Benign 

Primary progressive 
Relapsing/remitting 

Secondary progressive 

Fatigue 

Depression 
Physiological 

Visual evoked responses 

Blood-brain barrier changes 
Diagnosis 

Radiological 

MRI 

Laboratory 

CSF oligoclonal bands 
GSF pleiocytosis 

Histopathological 
Inflammation 

Primary 
Demyelination 

Wallarian degeneration 
Axonal damage 

Remyelination 
PNS involvement 
Therapeutic intervention 
Primate specific 
Adhesion molecules 
Immunosuppression 
Antigen-specific 
Cytokine 
IVIg 

Altered peptide ligands 
TcR peptides 
Cannabis 
Others 



DR2 (DRB1M501) DR4 
{DRB1*0401) Tg mice 
Virus: SFV, TMEV 
Lewis rats 

In some mouse EAE models 
Mouse EAE 
Inbred; F1 

Variable dependent on strain 



Virus models: infection 

EAE: immunization or transfer 

with CD4+ T cells 
In transgenic animals 
Virus and EAE models 

EAE 

EAE in ABH mice with MBP, 

MAG 
SFV, EAE 
EAE in C57BK/6 
MOG, PLP-EAE in ABH mice, 

TMEV 

MOG, PLP-EAE in ABH mice 

Unknown 

EAE in mice 



CREAE, SFV in mice 
CREAE, SFV in mice 



EAE in rats and mice 
TMEV 

CREAE in guinea pigs, SFV in 
mice 

All models (not chemically 

induced) 
CREAE in mice, guinea pigs, 

rats, SFV and TMEV in mice 

Not known 

MOG -induced EAE in rats; 

TMEV in mice 
EAE, TMEV and SFV in mice 
EAE 

Not applicable 
SFV in mice, EAE 
SFV in mice, EAE 
EAE in mice, rats 
EAE 

TMEV, EAE 

EAE 

EAE 

EAE in mice 

Nerve cell growth factor, 
IFNjS (rat EAE) 



[9,10] 

[13] 
[14] 
[15] 
[16] 
[17] 



[13] 

[20] 

[9] 
[21,22] 

[23] 
[24,25] 

[24] 
[26-28] 

[27,28] 

[14] 

[29,30] 
[31,32] 

[35,36] 

[38] 
[39,40] 



[43-45] 

[47] 

[49,50] 

[51-53] 
[54] 



[58-60] 
[61-63] 
[65,66] 
[67-70] 
[71,72] 
[73,74] 

[75] 

[76] 
[67,77] 



Cj; -DRB'IQOI; Mm: -DPBV01 

Unknown 
Unknown 
No effect 
Unknown 
Outbred 

Mm: MBP 60%; MOG 100% 
Cj: myelin/MOG 100%; MBP 0% 

EAE: immunization or transfer by 
CD4-H T cells 



No 

Cj: MOG/myelin 

Mm: Myelin, MBP, MOG 
Mm: MOG34-56 

Cj: MBP w/o B. pertussis 
Cj: MOG 

Cj: Myelin w S. pertussis 

Cj: myelin w/o B. pertussis 

Unknown 

Unknown 

Unknown 

Cj: myelin/MOG (post Gado MRI) 



Cj: all marmoset models 
Unknown 

Cj and Mm: MBP T-cell transfer 



Mm and Cj: all models 

Cj: Myelin and MOG 

Mm: myelin and MOG 
Cj: Myelin w B. pertussis 
Cj: Myelin w/o B. pertussis 

Some in myelin EAE in Cj 

Antibodies to CD40 and IL-12 
Rolipram 

s.c. MBP peptides, i.v. MOG 
IFN)9 

AntiMOG Fab2 



Nerve growth factor 



[11,12] 



[12,18] 
[6.19] 



[6,19] 
[6,19] 



[33,34] 

[33,37] 

[41,42] 

[6,19] 
[1 1 ,34,46] 



[18,48] 
[34] 



[34] 



[55-,56,57**] 

[64] 
[19,64] 
[19] 
[19] 



[78] 



Cj, Catlithrix jacchus or the common marmoset; Mm, Macaca mulatta or the rhesus macaque; SFV, Semliki-Forest virus; TMEV, Theiler's murine 
encephalomyelitis virus; EAE, experimental autoimmune encephalomyelitis; MPB, myelin basic protein; MOG, myelin oligodendrocyte glycoprotein; 
PLP, proteolipid protein; MRI, magnetic resonance imaging; CSF, cerebrospinal fluid; PNS, peripheral nervous system; s.c, subcutaneous; i.v., 
intravenous; CREAE, chronic relapsing EAE. 
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Animal models of multiple sclerosis 

An ideal animal model would reproduce all aspects of 
MS such as susceptibility, clinical aspects and histo- 
pathology (Table 1). This model should also be easy to 
handle and maintain and, for this reason, laboratory 
rodents are the most frequendy used animals, particu- 
lady with the large repertoire of reagents available with 
which to probe the disease. Furthermore the advances in 
genetic engineering and the subsequent ease of produ- 
cing animals with for example dysfunctional genes 
where genes are deleted (knock-out) or inserted 
(knock-in) [5]. Transgenic mice are made on the 
C57BL/6 background - a strain which is susceptible to 
experimental autoimmune diseases such as experimental 
allergic encephalomyelitis (EAE) or to virus induced 
encephalomyelitis following infection with Semliki- 
Forest (SFV) or Theiler's murine encephalomyelitis 
virus (TMEV). Such developments have also allowed 
human genes such as HLA DR2 1501, the class II 
molecule associated with MS, to be inserted into the 
mouse for the study of 'MS'-associated immunological 
responses. In general these mouse strains provide 
powerful new approaches to study detailed pathological 
mechanisms, factors and pathways that could provide 
specific targets for therapeutic strategies. More relevant 
models of MS are however observed in the nonhuman 
primates. By virtue of their close immunological and 
genetic proximity with man, the nonhuman primate 
models are invaluable for integrating pathology, clinical 
and magnetic resonance imaging correlates of disease, as 
well as the design of therapies that are highly species- 
specific which are impossible in rodents [6]. 

The pathogenesis of EAE involves complex patterns of 
cell migration from the peripheral lymphoid organs 
where they are activated, to the CNS, where they exert 
their pathogenic effect [7*']. Additional mechanisms 
may play a role in the perpetuation of the disease, such 
as the progressive diversification of autoreactive T cells 
and antibodies, a phenomenon known as epitope 
spreading [8]. 

While there are many advantages to using mice, the 
small size of the brain makes mice less suitable to study 
lesion formation in vivo, such as with nuclear magnetic 
resonance techniques (magnetic resonance imaging/ 
spectroscopy). Also for studies involving longitudinal 
sampling of body fluids, bigger species, such as rats or 
primates, are more suitable. 

Rodent models 

The concept that the autoimmune reactions in MS are 
induced by a microbial infection is modelled by 
experimental infections in genetically susceptible strains 
of mice, such as intraperitoneal infection of Biozzi ABH 
or C57BL/6 mice with the avirulent A7(74) strain of SFV 



[79], and intracranial infection of SJL/J mice with TMEV 
[26,47]. Clinical and neuropathological features are 
reproduced by experimental infection of genetically 
susceptible strains of mice with viruses such as TMEV 
or SFV. 

Virus-induced encephalomyelitis 

TMEV is a naturally occurring neurotropic mouse virus 
that causes MS-like disease in several strains of mice 
such as C57BL/6 or SJL mice [80]. Neurovirulent strains 
of TMEV (GDVII and FA) induce acute fatal encepha- 
litis, while low virulent strains (BeAN and DA) cause 
persistent infection and demyelinanon of the CNS, most 
prevalent in the spinal cord and to a lesser extent in the 
brainstem, cerebellum and cerebral hemispheres [81]. 
The exact cause of neurovirulence and persistence of 
TMEV variants is unknown, but seems to be related to 
the sialic acid binding intensity of the virus at target cell 
entry [82]. In CNS areas that are persistently infected 
with TMEV, chemokines are induced, monocyte che- 
motactic protein-1, RANTES and inducible protein-10 
[83], which play an important role in the CNS infiltration 
by peripheral T cells and monocytes. The persistent 
TMEV infection is not likely to be due to an impaired 
antiviral immune response as mice susceptible to 
TMEV-induced encephalomyelitis mount an equally 
effective cytotoxic immune response to the virus as 
disease-resistant mice [84*]. The precise effector me- 
chanisms operating in the initiation and perpetuation of 
demyelination are being elucidated. Demyelination is 
initiated by CD8+ T cells, which kill virus-infected CNS 
cells. In addition, myelin reactive CD8+ cells are also 
induced which may mediate direct Fas-Fas ligand 
killing of uninfected CNS cells [85**]. The spreading 
of the antiviral immune reaction to a mainly Thl cell- 
mediated anti-myelin autoimmune reaction occurs by 
molecular mimicry [86]. CD4+ T cells isolated from the 
spinal cords of TMEV infected SJL mice proliferate and 
secrete INFy in response to TMEV epitopes as well as 
proteohpid protein peptide 139-151 [87]. The main 
pathogenic role of CD4+ T cells seems to be the local 
induction of a delayed-type hypersensitivity reaction 
towards myelin or virus antigens [26]. A recent publica- 
tion highlights the contribution of immunoglobulin free 
light chains [88**], a diagnostic marker for MS in the 
cerebrospinal fluid (CSF) [89], and mast cells, an 
essential albeit underestimated cell type in the patho- 
genesis of encephalomyelitis [90,91], to a CD4 cell- 
mediated delayed-type hypersensitivity reaction. 

The progressive demyelination in TMEV-encephalo- 
myelitis is perpetuated by an expanding repertoire of 
CD4+ autoreactive T cells specific for myelin antigens 
which are thought to be activated within the CNS by 
resident antigen-presenting cells (APCs) presenting 
myelin released from damaged white matter [92**]. 
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SFV-infected Biozzi ABH or C57BL/6 mice develop 
immune-mediated demyelination of brain and spinal 
cord white matter and neurological deficit [79,93]. SFV 
infects brain endothelial cells thereby affecting the 
blood-brain barrier (BBB) function. Clearance of the 
virus by a CD8+ T-cell mediated immune response is 
not likely to be the primary cause of demyelination, 
although CD8+ T cells do play a major role in the 
pathogenesis of SFV [94]. There is clear evidence, 
however, that demyelination may, in part, be due to the 
cross-reactivity of anti-SFV T cells and antibodies with 
structurally similar motifs (mimicry motifs) within myelin 
antigens, including myelin oligodendrocyte glycoprotein 
(MOG) and myelin basic protein (MBP) [95,96]. 

Blood-brain barrier passage in experimental 
autoimmune enceplialomyelitis 

The mechanisms by which autoreactive T and B cells 
induce MS-like disease in laboratory animals can be 
investigated in the EAE model. EAE is induced 
following immunization with myelin and other CNS 
related antigens together with appropriate adjuvants 
such as complete Freund's adjuvant. Pathogenic auto- 
reactive CD4+ T cells are, however, part of the immune 
repertoire of rodents and primates which are normally 
controlled by CD4+CD25+ regulatory T cells [97]. The 
tolerant state can be broken by strong activation of the 
APCs, such as via triggering of CD40 by CD154 ligation 
or with agonistic antibody and of TLR9 with CpG 
oligonucleotides [98]. 

On their way from peripheral lymph nodes, where they 
are activated, to the CNS, mononuclear cells encounter a 
major hurdle - the BBB. The BBB is normally 
impermeable for cells and macromolecules, although 
activated (CD4+) T cells seem to freely transmigrate the 
BBB [99] by usage of cytoplasmic endoglycosidases 
[100]. Chemokines regulate T-cell transmigration of the 
BBB by strengthening their adhesion to inflamed brain 
venules. The adhesion of encephahtogenic T cells, 
expressing CCR9 and CXCR3, to the BBB endothelium 
seems to depend on CCL19 and CCL21, expressed in 
venules surrounded by inflammatory cells [101]. Using a 
novel 'intravital microscopy' model and blocking anti- 
bodies, the factors that modulate lymphocyte recruit- 
ment across inflamed vasculature have been investigated 
in vivo. In EAE tethering and rolling of proteolipid 
protein 139-151 specific T cells appeared to be 
mediated by interaction of E- and P-selectins with their 
ligands, whereas rolling is suggested to be mediated by 
leukocyte function antigen-1 (LFA-l)/intercellular adhe- 
sion molecule-1 (ICAM-1) and a4 integrin/vascular cell 
adhesion molecule-1 interaction. LFA-l/ICAM-1 inter- 
action appeared to cause firm arrest of the T cells on 
endothelium [102]. Such studies have been critical in the 
development of therapies targeting molecules such as 



very late antigen-4 (VLA-4) for the treatment of MS 
[103]. The BBB is thought to be opened for entry of B 
cells, macrophages and humoral factors (complement, 
antibodies) by the action of matrix metalloproteinases 
[104] and cytokines [105] released by the activated T 
cells, possibly involving mast cells as well [106]. The 
CNS immigration of monocytes/macrophages is not 
random, but directed by locally produced chemokines 
[107]. 

Central nervous system immigration 

CNS infiltrating T cells are thought to acquire the 
capacity to penetrate the CNS parenchyma during 
cognate interaction with APCs at the BBB, presenting 
their specific antigen. C57BL/6 mice with a genetical 
MHC class II transactivator deficiency are resistant to 
EAE induced either by active immunization or by 
transfer of encephahtogenic T cells from MOG35-55- 
immunized wild-type mice. These mice have disturbed 
antigen presentation capacity by defective MHC class 
II, invariant chain and H-2M (DM) expression. 
Intriguingly, DM-deficient mice can generate a normal 
Thl response to MOG35-55, which induce EAE by 
transfer into wild-type mice, but not in DM-deficient 
mice [108]. This strongly suggests that processing and 
presentation of myelin antigens by resident APCs 
within the CNS is essential for EAE induction. The 
intraparenchymal interaction of infiltrated T cells with 
local APCs induces a pathophysiological cascade of re- 
actions involving soluble factors, including antibodies, 
complement, cytokines and matrix metalloproteinases, 
that trigger white matter inflammation and demyel- 
ination. 

Induction of lesions and neurological deficit 

B-cell deficient mice, such as iMT on C57BL/10 or 
DBA/1 background, develop less severe EAE after 
immunization with MOG (1-125) in complete Freund's 
adjuvant. While demyelination is significantly reduced 
compared with wild-type mice, the influx of inflam- 
matory cells is hardly affected [109]. A second study 
addressing the role of B cells in EAE showed that 
transfer of activated B cells or serum from MOG (1- 
125) immunized mice restores the capacity of B-cell 
deficient mice to develop EAE. Lipopolysaccharide- 
activated B cells or immune sera from mice immunized 
with irrelevant antigens had no effect. It is parncularly 
noteworthy that serum from mice immunized with an 
immunodominant (MOG 35-55) peptide had no effect 
[109]. While MOG specific antibodies are well known 
to exacerbate clinical disease and to induce demyel- 
ination in rats and mice, immunological responses to 
galactocerebroside are also important both for exacer- 
bating clinical disease and pathological effects [110], 
while anti-MBP antibody has been shown to reduced 
disease severity [24]. A highly unexpected finding is 
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that B cells are also capable of controlling the activity 
of Thl cells, namely by antigen-induced production of 
IL-10 [111**]. Collectively, these data show that the 
impact of B cells on EAE goes further than only the 
facilitation of demyelination, but also includes immuno- 
regulation. 

While the immune mechanisms that cause CNS 
inflammation and demyelination have been investigated 
in detail in the past few decades, the cause of the 
neurological deficit in MS and EAE is still poorly 
understood. It is clear from animal models that CNS 
inflammation and demyelination do not fully account for 
the irreversible neurological deficit in advanced MS. In a 
seminal paper, Trapp et aL [112] have clearly shown 
significant axonal pathology in MS lesions that cannot be 
ignored as a possible cause of neurological dysfunction. 
The finding that significant axonal pathology occurs also 
in EAE opens the possibility of developing neuropro- 
tective therapies [49,113]. 

In conclusion, rodent models of MS have been critical 
for the study of the basic mechanisms of recruitment of 
inflammation within the CNS as well as mechanisms 
leading to myelin and axonal damage. These studies 
have formed the basis for the development of therapeu- 
tic strategies in more appropriate models of MS, namely 
nonhuman primates. 

Experimental autoimmune encephalomyelitis 
in nonhuman primates 

Based on the increased insight into the pathogenic 
mechanisms operating in rodent EAE models, interven- 
tion strategies are being developed which are of 
potential benefit to MS [114]. Some examples are 
antibodies directed against effector cells or molecules, 
peptides that block antigen receptors on T or B cells or 
APC molecules that cause deviation of a proinflamma- 
tory Thl reaction to a protective Th2 reaction, or viral 
vectors that express therapeutic molecules. An interest- 
ing new strategy is to use anti-MOG IgG-Fab fragments 
generated from a combinatorial library for the inhibition 
of autoantibody-mediated demyelination [115]. 

In many cases, therapies based on biological reagents are 
highly species-specific. This implies that reagents 
developed for treatment of humans should be tested in 
nonhuman primates. Of the wide variety of immuno- 
suppressive/modulatory therapies that were tested in MS 
after proven effectivity in EAE models, only very few 
have shown beneficial effect in patients [116]. In our 
view, these failures illustrate the need for a valid 
preclinical model that is more closely related to the 
human disease. The common marmoset, a small 
Neotropical primate with significant genetic and im- 
munological similarity to humans [117-119], provides an 



excellent model that approximates chronic MS by the 
clinical and neuropathological presentation [120]. 

IL-12 is involved in the induction of a proinflammatory 
immune reaction by the polarization of antigen-specific 
T cells into the Thl direction. IL-12 is produced at sites 
where T cells and APCs interact by the interaction of 
CD40 with its ligand CD154 [55-,121]. IL-12 seems to 
be of critical importance in EAE due to its central role in 
the regulation of tolerance and autoimmunity [122]. 
Using immunohistochemistry, similar staining patterns 
for CD40 and CD 154 have been found in lesions of MS 
patients as in EAE-affected mice or common marmosets 
[123,124]. The relevance of CD40-CD154 interaction 
seems particularly essential for the induction of proin- 
flammatory T cells in EAE when CD28 is absent [125], 
Lesions in EAE-affected marmosets also stain positively 
with anti-human IL-12p40 antibody. Antibodies directed 
to CD40 or IL-12p40 have a significant inhibitory effect 
on lesion formation and the expression of neurological 
deficit in marmosets, confirming the important role of 
the CD40-IL-12 pathway in the disease pathogenesis 
[55**,56,57**]. At this stage we cannot formally exclude 
that the effect of anti-IL-12p40 antibody is actually 
exerted via IL-23, a heterodimer of a IL-12p40 and pl9 
subunit with overlapping activity with IL-12 [126]. EAE 
experiments in IL-12p35 or IL-12p40 deficient mice 
support this possibility. The reported inhibitory effect 
on EAE in SJL mice of curcumin, a natural plant phenol 
that inhibits IL-12, suggests a role for this cytokine in 
the disease [127]. While p35-/- and p40-/- mice both 
fail to produce the functional IL-12p70 heterodimer, 
however, only mice deficient in the p40 subunit which is 
shared by IL-12 and IL-23 are resistant to EAE [128*]. 

An interesting aspect of anti-CD40 antibody treatment 
in rhMOG-immunized marmosets is that the initial T- 
and B-cell autoreactivity does not seem to be affected, 
but that the progressive diversification of the autoim- 
mune reaction is suppressed [56]. The pathogenic 
function of epitope spreading has long been debated. 
Two recent papers, however, support our hypothesis that 
disease and epitope spreading are connected. First, the 
observation that superantigenic stimulation (staphylo- 
coccal enterotoxin) of PL/J mice, in remission from 
MBP-induced EAE, induces exacerbation of clinical 
signs and epitope spreading [129]; second, the finding of 
regulatory T cells specific for spreading epitopes that can 
reverse ongoing disease [8]. 

A recent publication points to a mechanism underlying 
epitope diversification [130**]. Immunohistochemical 
analysis of the brain draining cervical lymph nodes of 
EAE-affected marmosets and rhesus monkeys shows 
localization of myelin loaded cells with macrophage/DC- 
specific markers in close connection with naive T and B 
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cells. As such cells are absent in the cervical lymph 
nodes of marmosets immunized with ovalbumin or 
rhesus monkeys immunized with joint cartilage specific 
type II collagen, they may probably originate from 
macrophages which have phagocytosed myelin in the 
lesions. Dendritic cells pulsed with peptides from 
myelin proteins are potent inducers of autoreactive T 
cells and disease [131]. We hypothesize, therefore, that 
the myelin-loaded APCs present in the cervical lymph 
nodes activate the progressively broadening repertoire of 
anti-myelin T and B cells that can be detected in chronic 
EAE [11]. 

Conclusion 

In this review we have discussed the use of animal 
models for MS. While many aspects of MS are still 
unclear, the use of an experimental model is critical to 
determine the mechanisms of CNS damage that may be 
operating in MS, as well as to provide the tools to 
evaluate the possible strategies to control the disease. 
The past years have shown an increasing effort to 
translate new insights obtained in animal models into 
new therapeutic principles for MS. Areas of particular 
importance for the coming decade include not only clear 
differentiation of the different types of MS, but also the 
analysis of genes and proteins that are differentially 
expressed in the different types of MS lesions compared 
with normal white matter [132]. While many animal 
models are available, the use of relevant animal models 
that mimic either the different forms of MS or the 
spectrum of MS are critical to examine those factors, for 
example genes or proteins, that are of pathogenic 
relevance and can be used as targets for therapy. 
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Modelling of multiple sclerosis: lessons learned 
in a non-human primate 

Bert A *t Hart, Jon D Laman, Jan Bauer, Erwin Blezer, Yvette van Kooyk, and Rogier Q Hintzen 



The many, highly specific, biological therapies for immune- 
based diseases create a need for valid preclinical animal 
models. The wide immunological gap between human 
beings and laboratory mouse or rat models makes many 
disease models in these species invalid. In this review, we 
report a non-human-primate model of chronic multiple 
sclerosis (MS)— experimental autoimmune encephalitis 
(EAE) in the common marmoset [Callithrix jacchus)— that can 
help bridge this wide gap. The genetic and immunological 
similarity of marmosets and human beings and the clinical 
and neuropathological similarity of the EAE model to MS 
provide a unique experimental platform for research into 
basic immunopathogenetic mechanisms and for the 
development of more effective treatments for MS. 

Lancet Neurol 2004; 3: 588-597 

Multiple sclerosis (MS) is a chronic progressive disease of 
the brain and spinal cord. The main pathological 
characteristic of the disease and the presumed cause of the 
neurological deficit is the lesion, a focally demyelinated area 
with a variable degree of inflammation, axonal pathology, 
and glial-scar formation.' In about 80-90% of patients with 
MS, the disease starts with alternating episodes of 
neurological impairment (relapse) and full or partial 
recovery (remission). In most patients, after a variable 
length of time, this course is followed by a secondary 
progressive phase where recovery no longer occurs. A few 
patients with primary progressive MS have irreversible 
worsening of clinical signs from disease onset. In a small but 
significant subset of patients, the disease starts as an acute 
inflammatory demyelinating disease fulfilling the criteria for 
acute disseminated encephalomyelitis, which may later 
develop into MS,^ The clinical range of MS also includes rare 
variants such as Balo's concentric sclerosis and 
neuromyelitis optica (Devic's disease) in which the 
pathology is largely restricted to the optic nerve and the 
spinal cord. 

Mainly because of the highly improved imaging 
techniques in the past two decades, research in patients has 
been intensified. Moreover, research in sophisticated animal 
models has greatly improved our understanding of the 
pathogenetic mechanisms in MS.^ Excellent overviews of the 
current knowledge have been published recently.^'^ Although 
the trigger of MS is still unknown, genetic and 
environmental factors seem to interact in the induction of 
the disease. Most MS investigators agree that once initiated, 
the immune system has a significant effect on the disease 
course.'' However, the precise determinants of the chronic 



inflammatory course and the factors that underlie the 
neurological deficit are still poorly understood. 

MS as an autoimmune disorder 

MS may be caused by a combined cellular and humoral 
autoimmune attack on myelin sheaths and possibly axons. 
Several facts have contributed to the concept that MS is an 
autoimmune disease, such as the association with various 
regulatory genes of the immune response,' the presence of 
oligoclonal immunoglobulin species in CSF points to 
intrathecal expansion of specific B-cell clones," and the 
immunopathology of the lesions.'*'" Further support comes 
from the immunopathological similarity of MS with the 
autoimmune animal model EAE (experimental autoimmune 
encephalomyelitis) in rodents" and primates.'^ However, the 
substantial dissimilarities between MS and EAE models have 
raised doubts about the autoimmune origin of MS.'^ Notably, 
many of the EAE models in rodents present as a rapidly 
progressing monophasic disease with clinical and pathological 
findings that are more reminiscent of acute disseminated 
encephalomyelitis than chronic relapsing MS. However, 
exceptions do exist, such as the elegant EAE model in 
Biozzi/ABH mice immunised with spinal-cord homogenate." 

In this article, we review a new non-human-primate 
model for chronic MS in common marmosets that approxi- 
mates the human disease in many ways. The clinical and 
neuropathological similarity with chronic MS makes this a 
highly useful model to test scientific hypotheses on the 
critical pathogenetic mechanisms and for the development of 
more effective therapies. This model can very usefully bridge 
the considerable gap between rodent EAE models and MS. 

A clinical MS look-alike? 

The common marmoset (Callithrix jacchus) is a small 
monkey — adults weigh 300-400 g — from the Amazon delta, 
South America. The neuroanatomical similarity with human 



BAtH is at the Department of Immunobiology, Biomedical Primate 
Research Centre, Rijswijk; RQH Is at the Department of Neurology, 
Erasmus Medical Centre, Rotterdam; RQH, BAtH, and JDL are at 
the ErasMS Medical Centre, Rotterdam; EB is at the Imaging 
Science Institute, University Medical Centre, Utrecht; YvK is at the 
Department of Cell Biology and Immunology, Free University 
Medical Centre, Amsterdam, Netherlands; JB is at the Division of 
Neuroimmunology, Brain Research Institute, Medical University 
Vienna, Austria. 

Correspondence: Dr Bert A 't Hart, Biomedical Primate Research 

Centre, PC Box 3306 2280 GH Rijswijk, Netherlands. 

Tel +31 15 284 2691/2699; fax +31 15 284 3999; email hart@bprc.nl 



588 THE LANCET Neurology Vol 3 October 2004 http;//neurology. thelancet.com 



Modelling of MS 



Similarities of the marmoset EAE model and MS 

General features 

Neuroanatomy'^ 

Ratio of white matter to grey matter'* 
Lymplnocyte phenotype''' 

Antigen capture and presentation molecules (MHC) of antigen presenting . 
cells^ 

Antigen receptor of T cells*' 

Antigen receptor of B cells and antibodies" 

Effector molecules of the immune response-^' 

Disease-related features 

Chronic progressive clinical course**'^ 
Pathomorphology of the lesion"-^' 
Immunology of the lesion" 
MRIofthetesion"^^ 

Myelin-reactive T-cells in naive repertoire*-'* 

EAE- related T-cell responses to myelin antigens*^*"-^ 

Antibody responses to myelin antigens="=" 

beings'* and the remarkable performance in cognitive and 
neurophysiology tests'^ explains the popularity of this species 
in neurological research. These general features, added to the 
outbred nature and the well-established genetic'^ and 
immunological similarity with human beings'*"" make the 
marmoset an attractive animal model for MS (pan el). '^'^""'^ 
Clinical and neuropathological signs of MS are induced by 
inoculation of marmosets with CNS myelin (preferably) 
from patients with MS or with myelin proteins, such as 
myelin basic protein, proteolipid protein, or myelin- 
oligodendrocyte glycoprotein (MOG). To become 
pathogenetic these proteins need to be emulsified in a 
suitable formtdation, such as bacterial products in mineral 
oil, for the induction of inflammatory disease. Despite the 
outbred character of our marmoset colony, 100% of myelin- 
immunised monkeys develop clinical EAE, albeit with 
substantial variation in the time of onset and severity of the 
neurological deficit." This creates an attractive experimental 
setting for the characterisation of the immune mechanisms 
that regulate the induction and progression of the disease. 

Neuropathology of MS 

In a large multicentre analysis of active MS lesions in biopsy 
samples and autopsy material, four main lesion types could 
be discerned.'" The two prevailing lesion patterns in patients 
with relapsing-remitting or secondary-progressive MS 
displayed histological evidence of demyelination dependent 



on T cells (type I) or T cells plus antibody (type II). CNS 
lesions in marmosets immunised with MS myelin represent 
all different stages of inflammatory demyelination as defined 
for the characteristic type II lesions in chronic MS.'°*" A 
similar analysis in the EAE marmoset model induced by 
recombinant human MOG revealed that the lesions were 
mainly of the early active type, whereas the prevalence of the 
initially much rarer chronic inactive lesions seemed to 
increase with progression of the disease." 

Lesion types III and IV seem to be associated with 
oligodendrocyte degeneration rather than an autoimmune 
attack." Ever since the initial publication, such lesions 
seemed to be absent in most chronic cases. However, a 
recent publication reported oligodendrocyte apoptosis 
without significant inflammation in a case of relapsing- 
remitting MS who died shortly after a relapse onset.'^ This 
finding has received much attention as it suggests that in 
common MS phenotypes, oligodendrocyte degeneration 
might precede white-matter inflammation and 
demyelination." Such observations raise the question 
whether autoimmune reactions to CNS myelin may not be 
the cause of MS but rather a bystander response of the 
immune system to the release of myelin antigens induced by 
an elusive pathogenetic event that causes oligodendrocytes 
to degenerate. No such observations have been reported in 
the EAE models, indicating that the EAE model does not 
reflect the complete neuropathological range of MS, 

MRI and neuropathology of marmoset EAE 

An attractive feature of the marmoset EAE model is that the 
development of white-matter lesions in the brain can be 
visualised with similar MRI techniques as used in a clinical 
setting (figure 1), MRI of the spinal cord can be done in 
sedated animals, but are commonly of low quality because of 
breathing artefacts. Although there are no technical 
limitations for MRI of the mouse or rat brain, they are less 
useful in EAE because of the low amount of brain white 
matter. With the help of quantitative MRI techniques 
applied at regular intervals after EAE induction with 
recombinant human MOG, early changes in white matter 
that give rise to lesions can be detected and quantified," The 
immunological similarity of marmosets and human beings 
implies that MRI-detectable brain white-matter lesions can 
be characterised with the same markers as used for the 
staging of lesions in MS."*** Also the MRI correlates of 
histologically defined lesion (figure 2) stages can be 
examined with these techniques. 




Figure 1. MRI of rBCombinant-human-MOG-induced EAE in marmosets. High contrast T2-weighted images (A) are used to visualise abnormalities in 
white matter. The specificity of MRI can he increased by using T1 (B) and T2 (C) relaxation-time images and magnetisation transfer (D) images. Images 
created by subtraction of images recorded before and after intravenous injection of gadolinium-DTPA 300 iimlkg (E) visualise the pemneabiiity of the 
blood-brain barrier. 
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Figum 2. Histological chamcterisation of the MRI abnorrnaiity in figura 1. KIOver-Barena stain for myelin shows a demyelinated lesion within the brain 
white matter (A). Staining for proteolipid protein (PLP) reveals complete loss of PLP in the lesion (B; x 25). In the lower part of the lesion large numbers of 
MRPU'positive macrophages are present (C; x 25), A higher magnification of this part of the lesion shows the presence of PLP-positive degradation 
products within macrophages likely derived from phagocytosed myelin (D; x 580), CD3-positive T-lymphocytes (E) and CD20-positive B-lymphocytes (f=) 
are scattered throughout the lesions (x 125). Loss ofaxonal density due to oedema and cellular infiltration Is seen by Bielschowsky silverstain (G; x 25). A 
higher magnification reveals that acute axonal degeneration in this area is relatively minor (H; x 195). Expression of non-phosphorytated neurofilaments is 
increased in the lesions indicating the presence of demyelinated axons (I; x 150). Staining for inducible nitric oxide synthase (iNOS) as a marker for NO 
radical production is seen in the centre of the lesion (J; x 125). A higher magnification reveals that iNOS Is present in macrophages/microglia (K; x 160). 



Axonal pathology 

The association between the total volume or number of T2 
lesions within the CNS white matter and the neurological 
deficit in MS patients is rather weak. A similar 
clinicoradiological paradox is sometimes observed in the 
marmoset EAE model, as monkeys that have the same 
neurological score can have completely different loads of 
MRI detectable brain lesions, or monkeys with more 
lesions can have less severe clinical signs (figure 3).'^ 
This paradox has raised the question whether the 
most prominent pathological features of lesions, 
being inflammation and demyelination, are the direct 
cause of the neurological deficit. In a seminal 
publication, Trapp and colleagues^' showed that substantial 
destruction of axons could already be observed in early 
lesion stages. 



Similar to chronic MS, axonal pathology is prominent in 
early lesion stages in the marmoset EAE model. We observed 
in early demyelinated lesions that presented with active 
inflammation on MRI, clear staining with antibodies against 
amyloid precursor protein (APP; figure 4) and non- 
phosphorylated neurofilaments,^' This pattern is reminiscent 
of the pathology in MS lesions.^* Transected axons were not 
immediately evident from traditional silver staining of these 
lesions. Because these features were typically absent from late 
active demyelinated lesions,'* early axonal damage may be 
reversible and a direct reaction to acute inflammation. Silver 
staining of chronic inactive lesions revealed substantial 
destruction of axons," " Axonal pathology can be influenced 
in marmosets by the use of other non-specific 
proinflammatory agents, such as heat-killed Bordetella 
pertussis or the pertussis toxin during immunisation." " 
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Figure 3. The discrepancy betweer) data obtained by clinical observation and brain MRI. Monkey 1: a brain lesion of about 2 mrrf (arrow) is present as 
is a dear neurological deficit (ataxia) at the time of MRI at postsensitisation day (PSD) 42. Monkey 2: there were no dear neurological signs at PSD 38 
but there were at least eight large lesions 2-30 mnf. Progression to paraplegia occuned after PSD 100 In monkey 1. but just 58 days in monkey 2. 



Genetics and environmental factors in MS and EAE 

The strongest genetic influence on MS susceptibility in the 
human population is exerted by the major histocompatibility 
complex (MHC) class II region, specifically mapping to the 
HLA'DRB}*1501 allele. The protein products of MHC class 
II genes serve as antigen-capture and presentation molecules 
of antigen presenting cells. Similarly, susceptibility to EAE in 
marmosets maps to the Caja-DR locus, which encodes the 
marmoset equivalents of HLA-DR molecules. The 
Caja-DRB1'*^W120} allele, which seemed to be functionally 
expressed in all tested individuals from at least four outbred 
colonies,"'" emerged as a dominant susceptibility factor to 
EAE." This genetic association could be immunologically 
explained, because Caja-DRB1*W1201 functions as a major 
restriction element for the activation of CD4 T cells specific 
for the encephalitogenic MOG.^j^, peptide.'' This idea was 
confirmed by the observation that CD4 T-cell lines of this 
specificity induce early pathological signs of EAE 
(perivascular cuffs) when transferred into naive MHC 
compatible recipients.^ 



The idea that MS is caused by a viral infection of 
genetically susceptible individuals is mainly based on 
epidemiological and demographic data, but may be 
supported by the therapeutic benefit of interferon beta in 
patients with MS. Also the predominance of CDS T cells in 
lesions,"'" among which a high frequency of cells reactive 
with common herpes viruses, such as cytomegalovirus and 
Epstein- Barr virus,*' suggests that intrathecal antiviral 
immune reactions may play a part in MS pathogenesis. 
Bacterial infections are not commonly regarded as potential 
triggers of MS, although these may have an effect on its 
course. 

Several specific viruses continue to be linked to MS, 
either because they express immunologically similar 
structures (mimicry motifs) as myelin antigens 
(cytomegalovirus and Epstein-Barr virus), or because they 
can substantially modulate co-stimulatory signals that lower 
the threshold for autoimmunity (Epstein-Barr virus). 
Others, such as human herpes virus 6, may have earned their 
place in the gallery of candidate triggers of MS by their over- 
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Figure 4. Early axonal pathology in EAE-affected marmosets. Arrows point to the positive staining of axons in MS (A [x 100}} and rhMOG-induced 
marmoset EAE (B [x 40}; C [x 100}) with antibody to human APR. The same staining of CNS from human myelin-immunised marmosets shows thatAPP 
staining is present in early active but not in late active demyelinating lesions. Figure courtesy of Antonio Uccelli MD (Department of Neurosciences 
Ophthalmology and Genetics, University of Genoa, Italy). 



representation in brains of patients with MS. Clinical and 
epidemiological data highlight Epstein- Barr virus as an 
important cofactor in the induction or course of MS/^ 
Marmosets can be infected widi gamma herpes viruses 
related to Epstein-Barr virus." It is tempting to test whether, 
by experimental infection with such viruses, the induction of 
encephalitogenic autoimmune reactions can be accurately 
modelled in a species that is genetically and immunologically 
closely related to human beings. 

Pathogenetic mechanisms in the initiation of EAE in 
the common marmoset 

The immunological mechanisms that operate in the 
initiation of MS lesions are rarely seen and therefore less 
intensively investigated. For this reason we have investigated 
the variety of lesions in the marmoset EAE model in more 
detail. A combined histological and immunohistochemical 
analysis has revealed high immunological activity in lesions. 
Similar to many rodent EAE models, we detected various 
activated immune cells localised within lesions, including 
macrophages, T cells, and B cells." Moreover, many 
immune-effector molecules have been detected, such as 



autoantibodies,'^ complement factors and inhibitors (van 
Beek and colleagues, unpublished), cytokines and matrix 
metalloproteases," and a novel myelencephalon- specific 
protease.*^ 

Common abnormalities observed in the (affected and 
normal appearing) CNS white matter of EAE-affected 
marmosets are the loss of tight adhesion between the 
normally compact myelin lamellae and the formation of 
myelin vesicles." The mechanisms that cause the increase of 
polyunsaturated membrane phospholipids and negatively 
charged phosphatidylserine are unclear, but these changes 
result in decreased intermembrane adhesion. In EAE, 
autoantibodies may spread more easily through the loose 
myelin structure and thus may have better access to myelin 
antigens.** 

Antimyelin antibodies 

The association of early pathological changes in myelin with 
the localisation of autoantibodies specific for MOG suggests 
a causal relation.'^ Indeed, the induction of demyelination 
and clinical signs in this model depends on the presence of 
antibodies against the glycoprotein."**" 
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These are important findings in view of the growing 
awareness that the presence of MOG autoantibodies may be 
an important predictive*' and pathogenetic" factor in 
chronic MS. Predictably, complexes formed between 
antibodies and myelin surface exposed MOG (opsonisation) 
will activate complement factors, leading to the release of 
chemotactic factors, such as C5a, that can attract 
lymphocytes and macrophages." Complement factors 
together with regulators of complement activity, such as 
decay- accelerating factor, were found in CNS lesions in 
EAE-affected marmosets (van Beek and co-workers, 
unpublished). When infiltrated macrophages recognise 
opsonised myelin, destruction mechanisms are induced."*" 
Myelin debris phagocytosed by macrophages is possibly 
transferred to the cervical lymph nodes and may induce new 
autoimmune reactions, as is suggested by the localisation of 
myelin -loaded phagocytic cells within the areas where 
activation of T cells and B cells takes place."" 

As in human beings and laboratory strains of mice and 
rats, T cells specific for myelin components (including 
myelin basic protein and MOG) and able to transfer 
neurological disease are part of the normal immune 
repertoire of marmosets.""" One of the great enigmas in MS 
research is how, in healthy individuals, these cells are kept 
dormant and why they are chronically activated in patients 
with MS. An attractive approach to this problem is based on 
Terence Wilkin's primary lesion hypothesis, namely that MS 
patients can be viewed as "genetically predisposed high 
responders to CNS myelin that is released after an 
antecedent pathogenic event". This hypothesis implies that 
any pathogenetic event that causes myelin damage is a 
potential trigger of MS. Whether MS develops or not 
depends on the capacity of the affected individual to control 
the reaction of the immune system to the damage. As the 
strongest genetic influence on susceptibility to MS maps to 
the MHC class II region we have focused our examination 
on immune reactions to myelin proteins and their regulation 
by MHC class II molecules. 

Determinants of the disease course 

The determinants of the highly variable clinical course of MS 
are largely unknown. Exogenous factors, such as stressfiil life 
events" and viral"* or bacterial infections, with Chlamydia 
pneumoniae for example," have been associated with the 
exacerbation of clinical signs. That the frequency of disease 
exacerbations declines during pregnancy and normalises 
after birth indicates a significant hormonal influence, 
probably of oestriol, in MS."""' Moreover, the emergence of 
new T-cell and B-cell responses to myelin antigens, a 
phenomenon known as epitope spreading, have been 
implicated as a driving force of the chronic disease 
course.**^^ 

The type of clinical signs of EAE in marmosets depends 
largely on the antigens used for disease induction. 
Sensitisation of marmosets to human myelin induced a 
relapsing-remitting, secondary-progressive disease 
course."''' Lesions in this model represent essentially all 
stages present in chronic MS." Marmosets inoculated with 
the myelin basic protein develop only mild inflammatory 



disease unless Bordetella pertusssis particles are infused as 
32.47 jYus worsening of the disease by administration of 
bacterial products is reminiscent of the clinical worsening of 
MS after bacterial or viral infection. CNS demyelination, 
being the pathological hallmark of MS, critically depends on 
die presence of antibodies, such as to MOG, a quantitatively 
minor CNS component.*' This hallmark finding is 
confirmed by the observation that marmosets sensitised to a 
chimerical protein of myelin basic protein and proteolipid 
protein develop clinical EAE only once the autoimmune 
reaction has spread to MOG." The presence of MOG 
antibodies in serum seems to be a predictive factor for 
clinically definite MS in patients with a clinically isolated 
syndrome."' 

Marmosets immunised with recombinant human 
MOG,_,25 do not typically have relapsing-remitting disease, 
but only chronic-progressive disease.^"*" The lesions in this 
model are mostly of the early active type with persistent 
inflammation and demyelination. During the asymptomatic 
phase of this primary-progressive-like disease, which can last 
2-20 weeks, brain lesions are clearly detectable with MRI, 
but these lesions are not expressed clinically. 

Patients with MS have variable T-cell and antibody 
reactivity with myelin antigens, but the exact relation with 
the disease course is poorly understood. The influence of 
genetic factors is also unknown. As in some rodent models, 
progression of the disease in marmosets immunised vdth 
recombinant human MOG is associated with a 
diversification of the autoimmune reaction, a phenomenon 
known as epitope spreading. Unpublished data in this EAE 
model show a statistical relation between the broadness of 
the epitope reactivity of MOG- reactive T cells and the 
shortness of the time interval after immunisation to the 
onset of clinical signs (unpublished). 

Advantage can be taken of the outbred character and 
similarity to human beings of the marmoset EAE model to 
examine whether this relation is based on the specific 
interaction of certain antigens and antigen-receptors, as we 
have postulated for MS," Clinical EAE can be induced in 
100% of randomly selected marmosets by several rounds of 
sensitisation to M0G,^3,. The ubiquitous Caja-DRB*W1201 
allele is a dominant susceptibility element in this peptide- 
induced model.'^ However, the lesions in the peptide model 
are mainly inflammatory and lack detectable demyelination. 
Recent data show that other peptides, such as MOG^^ and 
MOG74_96, encompass immunodominant T-cell and B-cell 
epitopes in immunised marmosets and rhesus monkeys. 
These were found to be also encephalitogenic in marmosets, 
although the disease course is highly heterogeneous, possibly 
reflecting the genetic heterogeneity of the model. T-cell 
responses against these peptides are likely restricted by 
Caja-DRB1*03 molecules. 

In conclusion, EAE in the common marmoset provides 
an exciting new model for translational research into 
immunopathogenetic mechanisms in MS that bridges the 
wide immunological gap between rodent models and the 
human disease." The marmoset EAE model can be of 
strategic importance for the preclinical selection of reagents 
that are being developed for intervention in 
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Figure 5. Regulation of dendritic cell maturation by C-type lectin (CLR) and toll-like receptors (TLR). In a healthy individual, immature dendritic cells 
(IDCs) secure non-responsiveness of the autoreactive T-cells in the norma! repertoire by induction of regulatory T cells. This steady-state situation is 
maintained because DC maturation inducing signals via TLR are balanced by maturation inhibiting signals via CLR. Pathogens disturb the steady state 
by giving maturation inducing signals via TLR. feature DC (MDC) induce autoreactive Thl cells by presentation of self antigens and co-stimulation by 
secreted (mterieukin 12) or surface-expressed (CD40) molecules. Restoration of the steady-state situation after clearance of the infection depends on 
the capacity of CLR to t>aiance TLR. Conceptually, chronic induction of autoreactive Thl cells can occur when the CLR countersignal is disturbed. 



immunopathogenetic processes."" In this way the model 
can help to accelerate the development of a more effective 
treatment for MS. 

Antigen presenting ceiis in chronic EAE 

Myelin-reactive CD4 Thl cells are generally thought to 
initiate the broad cascade of pathophysiological reactions 
that give rise to inflammatory demyelination within the CNS 
of patients with MS.'''" However, therapies aimed at the 
physical or functional elimination of this cell-type in 
advanced MS have had disappointing results, despite their 
efficacy in EAE models.'' Intravenous recombinant human 
MOG — given to prevent EAE as observed with other myelin 
antigens in rodent EAE models™ — induces a fatal Th2- 
mediated autoimmune reaction in marmosets/' Therapies 
that do not target autoreactive CD4 Thl cells themselves, but 
rather prevent their activation may circumvent this problem. 

Tolerance induction as a permanent therapy for MS 

Autoreactive Thl cells are induced within lymphoid organs 
by mature dendritic cells, which present self-peptides on 
their MHC class II molecules. The full maturation of the 
autoreactive T cells depends on the simultaneous production 



of essential co-stimulatory factors by the dendritic cell, 
which can be surface exposed, such as CD40 and 
CD80/CD86, or secreted, such as interleukin 12." That 
antibodies for CD40 or the interleukin 12p40 subunit 
protect marmosets immunised with myelin and 
recombinant human MOG, illustrates the relevance of these 
factors in the pathogenetic process^^" (unpublished). 

The ultimate aim of MS research is to re-inforce immune 
tolerance to CNS antigens. Such therapies should be based 
on a firm understanding of the mechanisms that control 
tolerance and immunity. Because of its similarity to human 
MS, the marmoset EAE model is very suitable for this line of 
research. 

Critical to the functioning of the immune system is its 
capacity to distinguish "infectious non-self signals" by 
pathogens that should lead to immunity from "non-infectious 
self signals" by self-antigens that induce tolerance.'* There is 
accumulating evidence that antigen-presenting cells present in 
lymphoid organs as well as the target organ play an important 
part in this process."" T cells — getting self antigen from 
immature or semimature dendritic cells, which lack 
expression of co-stimulatory molecules such as CD40 and 
CD80/CD86, and fail to produce interleukin 12— acquire the 
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regulatory capacity needed to maintain tolerance/^'*-'"' This 
has led us to hypothesise that the regulation of dendritic-cell 
maturation is an important component of the control 
mechanisms regulating autoimmunity and tolerance. The 
underlying cell biological mechanisms have been discussed in 
detail elsewhere.™'" 

Dendritic-cell maturation is regulated by a dynamic 
crosstalk of two antigen receptor families, namely toll-like 
receptors and C-type lectin receptors.*" Toll- like receptors are 
a highly conserved family of receptors for conserved 
molecular structures on pathogens, known as pathogen- 
associated molecular patterns. Dendritic ceUs receive 
stimulatory signals needed for their maturation via toll-like- 
receptor binding of pathogen associated molecular patterns, 
with or without engagement of cell surface molecules, such as 
CD40." Examples of ligands with a proven role in EAE are 
mycobacteria, being an essential component of the antigen 
formulation for EAE induction that stimulate via TLR2 and 
TLR4," peptidoglycan, stimulating via TLR2 (unpublished), 
and CpG oligonucleotides, stimulating via TLR9." The 
natural ligands of C-type lectin receptors are carbohydrate 
epitopes present on self-proteins and pathogens. C-type 
lectin receptors endocytose bound glycoproteins and process 
these for presentation to T cells." Because certain C-type 
lectin receptors, such as DC-SIGN, do not deliver signals for 
maturation to the dendritic cell, antigens captured by those 
receptors evade a neutralising immune reaction''^ and may 
induce tolerance.'" 

Self-glycoproteins sampled via C-type lectin receptors 
can thus counterbalance dendritic-cell maturation signals 
via toll-like receptors leading to the induction of regulatory 
T cells (Trl; figure 5), Trl cells can maintain specific 
tolerance by keeping the autoreactive Thl cells" and 
dendritic cells'' quiescent. Pathogens delivering "danger 
signals"'" to the immune system via toll-like receptors can 
disrupt this homoeostatic control mechanism by the 
induction of dendritic-cell maturation. This situation occurs 
in the EAE model when myelin antigen is inoculated with 
mycobacteria in oil. The matured dendritic cells can present 
the co-injected self- antigen to autoreactive Thl cells, which 
incite a cascade of pathophysiological reactions towards the 
CNS. When the toll-like receptor stimulus is cleared the 
balance of C-type lectin receptors and toll-like receptors is 
restored and the disease goes into remission, possibly 
because new Trl cells are being induced. The persistent 
activation of autoreactive T cells in chronic inflammatory 
diseases may be caused by failure of this type of control 
mechanism.^' For example, changes in the normal 
glycosylation of self glycoproteins can affect their binding to 
C-type lectin receptors thus creating a reduced capacity to 
regain control over the induction of autoreactive T cells after 
an infection has been cleared. A classical example illustrating 
this principle are the rheumatoid factors in patients with 
rheumatoid arthritis, which are autoantibodies directed 
against the abnormally glycosylated (a galactosyl) Fc tail of 
serum IgG molecules."'-^ Some articles report on the low 
activity of glycosyltransferases," enzymes catalysing protein 
glycosylation and abnormal glycosylation of CSF 
glycoproteins'^ in MS. Because of the outbred character and 



their immunological proximity to human beings, marmosets 
are particularly useful to investigate this mechanism in 
detail. 

Marmoset EAE model and therapy development 

There is a long list of experimental therapies for MS that 
showed promising effects in rodent EAE models but proved 
ineffective or even detrimental in patients.''' Different factors 
contribute to this frustrating situation. 

New therapeutic concepts are commonly derived from 
experimental observations in animal models. However, the 
extrapolation of experimental data obtained in aseptically 
raised mice from genetically homogeneous laboratory 
strains to the heterogeneous human population has been 
hampered by the wide microbiological, genetic, and 
immunological gap between both species." For example, the 
ease with which the immune system of common laboratory 
mice can be rendered unresponsive (tolerant) to self 
antigens and alloantigens because of their history of 
microbial infections differs to that of human beings." The 
similar situation in transplantation research therefore led to 
the strong recommendation that the efficacy of new 
therapeutic ideas should first be tested in non-human 
primates before they can enter clinical trials.**-" 

To be able to use the marmoset EAE model as a 
preclinical test system for new therapies, diagnostic tools for 
longitudinal monitoring of the pathogenetic process had to 
be developed. As in the clinical setting, the effect of a new 
therapy is determined on the basis of autoimmune 
parameters recorded in peripheral blood in combination 
with MRI of the brain white matter. The great advantage of 
the marmoset over rodents for MRI studies is the much 
higher ratio of white to grey matter, which is much closer to 
that of human beings.'* However, the generation of 
meaningful MRI from spinal cord is still hampered by 
technical problems related to the small size of marmosets. 
The number and spatial distribution of lesions with or 
without blood-brain barrier leakage can be determined by 
routine use of MRI based on T2-weighted and contrast- 
enhanced Tl -weighted images. The low specificity of these 
routine images has been substantially improved by the 
implementation of quantitative MRI, which was generated 
by plotting T2 and Tl relaxation times or magnetisation 
transfer ratios." 

A useftd technique for the day-to-day monitoring of 
disease progression uses urine analysis with nuclear-magnetic- 
resonance spectroscopy. Data obtained in EAE-afifected 
common marmosets and patients with MS reveal disease- 
related changes in the chemical composition of urine." The 
difference is mainly determined by peaks in the aliphatic part 
of the proton spectrum, between 0-5-3-5 parts per million). 
The future identification of the excreted chemical entities 
should reveal whether these are related to the urinary myelin- 
basic-protein like material that has been found in urine from 
patients with MS by Whitaker and co-workers.'^ 

The application of these techniques in marmosets should 
ideally have been validated with interferon beta, a registered 
drug for MS with a modest clinical effect in relapsing- 
remitting and secondary-progressive disease, but with 
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Search strategy and selection criteria 

References for this review were selected from articles 
(published after 1985) in the PubMed database and from the 
private files of the first author. Search terms included "multiple 
sclerosis", "encephalomyelitis", "marmoset", "non-human 
primate", "genetics" and "immunology". The final reference list 
was generated on the basis of primary publications and 
reviews relevant to the topics covered in the review. 

substantial effects on MRl.*"" However, the cross-reactivity 
of human interferon p with marmoset peripheral blood 
mononuclear cells as assessed by the induction of interferon 
7 is less than 10% (unpublished). Hence, we have used new 
therapeutic antibodies against critical factors for the 
induction of the encephalitogenic Thl cells, such as CD40 
and interleukins 12 and 23. First we tested, in placebo- 
controlled experiments, the prophylactic treatment of 
marmosets immunised with MOG with antibodies directed 
against human CD40 or the shared interleukin-12p40 
subunit of interleukins 12 and 23.'"-" Both antibodies 
protected against EAE. In another set of experiments we 
showed that the intravenously injected interleukin-12p40 
antibody suppresses the enlargement and increment of T2 
signal intensity of pre-existing brain lesions in marmosets 
immunised with recombinant human MOG. 

In conclusion, the marmoset EAE model is a useful 
preclinical test system for new therapies in MS, especially for 
those with highly species-specific biological reagents. 

Conclusion 

As the poor accessibility of the CNS limits the possibilities 
for direct research in patients with MS, valid animal 



models are essential for our understanding of MS. Such 
knowledge is indispensable for the development of 
effective therapies against MS. Although many features of 
the MS immunopathogenesis have been elegantly 
modelled in inbred strains of rats and mice, successful 
therapeutic interventions in these models have shown 
limited predictive value for clinical success. However, 
similar to the situation in transplantation research, non- 
human primate models can help to bridge the considerable 
genetic and immunological gap between rodents and 
human beings." The clinical and neuropathological 
proximity of the marmoset EAE model to human MS 
creates a platform for translational research into major 
questions in MS. 
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Early recognition of whether a product has potential as 
a new therapy for treating multiple sclerosis (MS) relies 
upon the quality of the animal models used in the pre- 
clinical trials. The promising effects of new treatments 
in rodent models of experimental autoimmune ence- 
phalomyelitis (EAE) have rarely been reproduced in 
patients suffering from MS. EAE in outbred marmoset 
monkeys, CaUithrix jacchus, is a valid new model, and 
might provide an experimental link between EAE in 
rodent models and human MS. Using magnetic reson- 
ance imaging techniques similar to those used in 
patients suffering from MS pathological abnormalities 
in the brain, white matter of the animal can be visual- 
ized and quantified. Moreover, ISIMR spectroscopy, in 
combination with pattern recognition, offers an 
advanced uroscopic technique for the identification of 
biomarkers of inflammatory demyelination. 

Multiple sclerosis (MS) is a chronic progressive inflam- 
matory disease of the human central nervous system 
(CNS). There are approximately one million MS sufferers 
worldwide, with a prevalence in Europe and the USA of — 1 
in 1000 young adults. The disease usually begins in early 
adulthood and progresses, in most patients, to serious and 
irreversible neurological disability over a period of 10-30 
years. The clinical expression of MS is highly variable. In 
— 90% of cases, it initially presents as intermittent periods 
of neurological deficit followed by partial or complete 
recovery (relapsing or remitting MS), which, in 50% of 
patients, is followed by a progressive phase, during which 
neurological functions are progressively lost and recovery 
no longer occurs (secondary progressive MS). In 10% of 
patients, progressive neurological deficit occurs from the 
onset (primary progressive MS). Pathologically, MS is 
characterized by multiple lesions with inflammatory 
demyehnation and a variable degree of axonal pathology 
and scar formation by prohferating astrocytes [1-3]. 
Clinical symptoms during the early phases of the disease 
can be decreased with immunomodulation therapies, such 
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as treatment with interferon-p or glatiramir acetate, 
probably because the symptoms are caused mainly by 
inflammatory demyelination. The irreversible and cur- 
rently untreatable neurological disabihty in patients with 
advanced MS is probably a result of the accumulated 
destruction of nerve tracks (axons) [4]. 

Research of patients with MS, and of experimental 
autoimmune encephalomyehtis (EAE) in animal models, 
has increased our understanding of the pathogenic 
mechanisms involved in the formation of lesions and the 
induction of neurological deficit. Based upon this knowl- 
edge, a variety of new therapeutic principles have been 
developed and successfully tested in EAE models (5). 
However, in only a few cases were the beneficial effects 
observed in the experimental models reproduced in cUnical 
trials [6]. Furthermore, detrimental effects were observed, 
for example, following treatment with altered peptide 
ligands [7] or anti-tumor necrosis factor-a antibody [8]. 

Current disease models in rodents might not be 
sufficiently predictive of therapeutic success in humans, 
a situation that is not unique for MS [9,10]. Therefore, 
there is the need for an improved and more predictable 
animal disease model of MS. Here we describe a new model 
of chronic MS in the common marmoset CaUithrix jacchus. 
The genetic and immunological similarities of marmosets 
and humans, and the genetic heterogeneity of this model, 
create a unique opportunity for research on the molecular 
mechanisms operating in the induction and progression of 
the disease. The chnical, anatomical and neuropathologi- 
cal presentation of this model reflects more closely the 
situation found in chronic MS than do any of the current 
EAE models (a systematic comparison of EAE models in 
rodents and non-human primates has been published 
previously [11,12]). 

Non-human primates as models of autoimmune disease 
in humans 

The different reaction to immunomodulatory agents of 
12-week-old specific-pathogen-free (SPF) quality inbred 
laboratory mice and of primates or humans is probably 
caused by a different history of microbial infections [13]. 
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Outbred populations of conventionally housed non-human 
primates (henceforth referred to as primates) more closely 
reflect the immune status of the human population than do 
pathogen-free inbred laboratory mice, and might therefore 
provide a more predictive disease model [10] . Many clinical 
and pathological features of autoimmune diseases in 
humans, such as MS or rheumatoid arthritis, have been 
reproduced successfully in primates [5,14]. Primate dis- 
ease models have proven particularly useful for the 
efficacy testing of biotechnology-based therapies, which, 
as a result of their specificity for humans, cross-react only 
with higher primate species. 

Common marmosets as a model of immunological and 
neurological diseases 

The common marmoset is a small monkey that has been 
used as an experimental model for various neuropatholo- 
gical disorders, such as stroke, Alzheimer's disease, 
Parkinsonism and MS [15-18]. The structural and 
functional similarity of the human and common marmoset 
brain [19] and the performance of this species in cognitive 
and behavioral studies [20] have been instrumental in its 
development as an in vivo model for neurological research. 

Of importance for immunological research is the fact 
that marmosets usually give birth to non-identical twins or 
triplets, which, because they have shared the placental 
bloodstream in utero are complete bone marrow chimeras. 
Because the immune cells of fraternal siblings are 
educated in a common thymic environment, the normal 
alloreaction towards transferred blood cells between non- 
identical twins does not occur [21]. This allospecific 
tolerance of siblings has been used in T-cell transfer 
studies, with the aim of determining the exact contri- 
butions of autoreactive T cells and antibodies to the 
pathogenesis of EAE [22,23]. 

Creation of an EAE model in the common marmoset 

EAE is the most widely investigated animal model of MS 
[12]. Two EAE models have been established in the 
common marmoset, which mainly represent the type II 
lesion pathology that is prevalent in chronic MS. 

Myelin-induced EAE 

Immunization, with myelin from sufferers of MS, of 
randomly selected monkeys from an outbred population 
induces a 100% incidence of EAE. [11,22,24]. This 
remarkably high disease incidence has a genetic basis, 
in that EAE is initiated in each monkey by the activation of 
a cytotoxic CD4'^CD16'CD56+T-cell subset specific for a 
peptide from the quantitatively minor myelin glycoprotein 
(pM0Gi4_36), with which EAE can be induced [25]. The 
presence of the peptide presenting Caja-DRB*W1201 
molecule in each immunized marmoset expladns the 
100% disease incidence in a genetically heterogeneous 
marmoset colony [26,27]. 

The clinical and neuropathological presentation of EAE 
induced with myelin derived from the brains of patients 
with MS closely approximates chronic MS in humans. 
Most commonly observed is a relapsing or remitting, or 
secondary progressive disease [28] . The CNS white matter 
lesions in this model are characterized by infiltrates of 



mononuclear cells and primary demyelination, with little 
axonal destruction. However, more detailed histological 
examination reveals axonal pathology confined to inflam- 
matory active lesions, namely the accumulation of 
p-amyloid precursor protein and reduced phosphorylation 
of neurofilaments [29] . These signs of axonal 'suffering' are 
probably transient because they are absent in inflamma- 
tory inactive lesions. By contrast, the chronic inactive 
lesions display serious destruction of axons with substan- 
tial gliosis, as well as remyeUnation [28,30]. 

The immunological similarity of humans enables 
the immunological characterization of lesions in the 
EAE-affected marmoset using the same reagents as are 
used in patients with MS [31-33]. Infiltrated T cells and 
macrophages within infiammatory active lesions in the 
brain and spinal cord express the activation molecules 
CD154 (T cells), and MRP14, 27E10 and CD40 (macro- 
phages) [28,31]. The expression within lesions of Thl and 
Th2 cytokines, interferons, matrix metalloproteases, [31], 
and anti-MOG (myelin/oligodendrocyte glycoprotein) anti- 
bodies [30] supports the concept that inflammatory 
demyelination is driven by a combination of cellular and 
humoral autoimmune reactions to components of the CNS 
white matter. 

The immunological mechanisms that determine the 
time of onset and disease duration in monkeys are 
unknown [5]. Damaged myelin is ingested by macro- 
phages, which can also be found locaHzed within the spleen 
and cervical lymph nodes that drain the interstitial and 
cerebrospinal fluids from the CNS [34]. The localization in 
close conjunction with T and B cells suggests that 
induction of new autoreactive T and B cells can occur. 

RhMOG'induced EAE 

The role of MOG as a primary target for the autoimmune 
attack on CNS myehn in MS is emphasized by the ability of 
anti-MOG antibodies to induce demyelination [23], in 
addition to the fact that these antibodies are found 
attached to disintegrating myelin around the axons and 
within lesions [35] . Autoimmunity of marmosets to MOG 
has emerged as a common denominator in the immuno- 
pathogenesis of EAE. For example, common marmosets 
immunized with MP4, a chimeric protein combining human 
myelin basic protein (MBP) and proteolipid protein (PLP), 
develop neurological signs only following the development of 
an autoantibody response to MOG [36]. Moreover, the 
dominant T- and B-cell autoreactivity in myehn-immu- 
nized marmosets is directed against MOG [25]. 

The most important features of the myelin-induced 
EAE model can be reproduced in marmosets immunized 
with a recombinant protein that represents the extra- 
cellular N-terminal part of human MOG (1-125; rhMOG). 
In rhMOG-immunized monkeys, clinical signs appear 
unpredictably after an asymptomatic period ranging 
between two and 15 weeks [5]. The predominant lesion 
is a sharply defined area of profound inflammatory 
demyelination with relatively well conserved axonal 
structures (Figure la), but chronic inactive lesions with 
clear axonal destruction are also evident (Figure lb). 

The rhMOG-induced EAE model is particularly suit- 
able for the analysis of autoimmune factors that contribute 
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Figure 1. Magnetic resonance imaging-histology correlation of an inflammatory 
active and a chronic inactive lesion in a marmoset brain affected by recombinant 
human myelin/oligodendrocyte glycoprotein (rhMOGHnduced experimental auto- 
immune encephalomyelitis (EAE). (a) The inflammatory active demyelinated 
lesion (infiltrated by numerous MRP14-positive macrophages) Is seen as a hyper- 
intense region on the T2-weighted images (T2W) and displays increased T2 and Ti 
signal relaxation times, increased leakage of the probe gadolinium-DTPA (GE-T,) 
and a reduced MTR value, (b) The Inflammatory inactive lesion, in which no signifi- 
cant macrophage infiltrate is present, appears as a similar hyper-intense area on 
the T2W image. However, Ti and T2 relaxation times are only marginally increased 
compared to the surrounding normal appearing white matter Furthermore, this 
lesion shows an intermediate reduction of MTR, and no increase in GE-Ti (and 
thus no blood-brain barrier leakage). 

to the outbreak of clinical signs [5]. At least one 
immunological factor has been identified that determines 
the length of the asymptomatic period; the extent to which 
T-cell reactivity against a panel of 22-mer MOG peptides 
has diversified, a phenomenon knovs^n as epitope spread- 
ing. A possible explanation is that exacerbation of clinical 
signs occurs when specific spreading epitopes interact 
with the particular major histocompatibility complex 
(MHO molecules that are associated with increased 
disease susceptibility [37,38]. 

Magnetic resonance imaging (MRI) of the EAE-affected 
marmoset brain 

Inherent to this MS model are the unpredictable vari- 
ations in the time of onset and the course of clinical signs 
among individuals. This poses considerable problems for 



the statistical evaluation of efficacy tests for new thera- 
peutic reagents in conventional two-leg placebo-controlled 
settings, unless large test groups are used. Instead, each 
animal is used as its own control, with the disease 
parameters monitored using non-invasive imaging tech- 
niques, both before and after treatment with the candidate 
therapeutic (or placebo) [9] . 

MRI is the preferred technique for the visualization of 
pathological alterations within the brain of patients with 
MS [39] (The di£Ferent techniques are explained in Box 1). 
The brain white matter lesions that develop in the myeUn- 
induced EAE model resemble those in chronic MS, and are 
visualized using the same MRI techniques [28,30,40]. The 
importance of the disease model is that MRI events in 
lesions can be directly correlated with histologically 
defined events [41,42] . For this purpose, semi-quantitative 
images are used, which are created by plotting the Ti- and 
T2- relaxation times and magnetization transfer ratios 
(MTR) of individual lesions (Figure la). As an example, the 
MRI correlates of an early active and an inactive lesion are 
given in figure 1. Current studies are aimed at further 
differentiating lesion stages by precise calculation of the 
exact NMR values of individual lesions. 

The development of individual brain lesions in marmo- 
sets can also be monitored precisely with serial quanti- 
tative MRI. The serially recorded MRI maps depicted in 
Figure 2 show that the first MRI-detectable sign of a lesion 
is the increased permeability of the blood -brain barrier, 
which appears as a focally increased Ti-weighted signal 
intensity (and thus decreased Ti relaxation time) due to 
the extravasation of the injected probe gadolinium-DTPA. 
The local accumulation of vasogenic edema causes an 
increased T2 signal intensity and a moderate reduction of 
the MTR. The reduced density of tissue macromolecules by 
demyelination and axonal destruction also causes an 
increased Ti signal intensity and a further decrease of 
the MTR. 

With these clinically relevant MRI tools, the effect of a 
new therapeutic agent on existing brain lesions can also be 
determined. To validate this system, biological reagents 
with proven therapeutic effect are being tested in the 
marmoset EAE model, such as antibodies directed 
against human CD40 molecules and human interleukin- 
12p40 [43-451. 



Box 1. Basic principles of IVIRI 

Magnetic resonance imaging (MRI) is the preferred technique for the 
visualization of lesions in the brain and spinal cord of patients with MS. It 
visualizes the resonance signals of tissue protons when they are placed 
in a time-varying strong magnetic field. The most frequently used 
parameters measured In MS are the spin-lattice relaxation time (Ti) 
and the spin-spin relaxation time (T2). MRI is routinely used as a 
tomographic imaging technique, where anatomical pictures are created 
of 1-mm thick tissue sections. The contrast differences between brain 
structures in most MRI techniques are determined by the different 
densities and diffusion of protons, as well as differences in relaxation 
times. T2 images are sensitive to water and, because all pathological 
alterations in MS brains are associated with altered distribution of tissue 
water (edema), this technique is highly useful for visualization of the 



spatial distribution of lesions. Contrast in Ti images is determined 
mainly by different lattice densities. Dense structures, such as compact 
white matter, have low Ti values, whereas relatively loose structures, 
such as grey matter or lesions, have higher Ti values. 

To distinguish inflammatory active from inactive lesions, the 
paramagnetic dye gadolinium-DTPA is intravenously injected (0.1- 
0,3 mmol kg""") and, in areas of increased blood-brain barrier per- 
meability, leaks into the brain parenchyma, causing local enhancement 
of the Ti-weighted signal intensity. 

A third important MRI technique in MS is magnetization transfer ratio 
(MTR) imaging. The MTR of a given tissue is defined as the ratio of free 
protons versus protons bound to tissue macromolecules. 

For further information, see http://www.cis.rit.edu/htbooks/mri. 
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Figure 2. Serial magnetic resonance (MR) imaging of a marmoset brain affected by recombinant human myelin/oligodendrocyte glycoprotein (rhMOO-induced experi- 
mental autoimmune encephalomyelitis (EAE). Images were recorded at - 14 day intervals. Depicted are: in column 1. proton density Images, which are used for the sensi- 
tive detection of lesions; in columns 2 and 3, T, and Tj relaxation time images; in column 4, MTR images, and; in column 5. images created by subtracting images recorded 
before and after the intravenous injection of gadolinium-DTPA (Gd-DPTA) as a probe for the detection of blood-brain barrier leakage. The arrow in the proton density 
image points to a lesion, which, in retrospect, could already be detected two weeks earlier as a focal leakage of the blood-brain barrier. The table shows the progression 
of quantitative MR parameters during the progression of EAE of cortex, white matter (WM), normal appearing white matter (NAWM) and lesions in brains from rhMOG- 
immunized marmosets (n = 5; - indicates no data). 



Ch em o metric analysis of urines from EAE-affected 
marmosets 

Most imaging techniques (X-ray, PET and MRI) are 
expensive and can cause discomfort to patients; therefore, 
they are not usually performed on a frequent basis. Hence, 
there is increasing interest in the identification in body 
fluids of biomarkers of pathological processes [46]. 
Biomarkers in urine are an ideal tool for non-invasive 
diagnosis of disease in monkeys. For example, the urinary 
excretion rates of hydroxylysyl- and lysyl-pyrridinolines 
(HP and LP) reflect the inflammatory degradation of joint 
collagen in arthritic rhesus monkeys [47] . This technique 
is of special diagnostic interest for the early stages of 
arthritis, when joint destruction is not macroscopically 
visible and is difficult to assess from X-rays. Excreted HP 



and LP have also been very useful non-measurements for 
the effectiveness of new therapies for joint protection [48] . 

Biomarkers for inflammation (neopterine and cyto- 
kines) [49,50] and axonal destruction (iV-acetylaspartate) 
have been detected in the urine of patients with MS, 
However, proposed biomarkers for demyelination, such as 
MBP fragments or cresol-sulphate [51,52] have proved 
unreliable. ^HNMR spectroscopy, combined with pattern 
recognition-based techniques, has been used to investigate 
whether disease-associated changes can be detected in the 
urine of patients with MS and EAE-afiected marmosets 
(Box 2). The chemometric analysis explained in Box 2 
revealed marked characteristic differences between urine 
from patients with MS and relevant controls (i.e. urine 
from patients with other neurological diseases or from 
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Box 2. Proton-NMR spectroscopy and pattern recognition 
NIVIR spectroscopy 

High-resolution proton nuclear magnetic resonance (^HNMR) spec- 
troscopy is an analytical technique that enables the sinnultaneous 
detection of a broad array of chemical entities in solutions of unknown 
composition. Aqueous solutions, such as urine, must be preprocessed 
before they can be analyzed. Because differences in pH between 
biological samples can affect the outcome of the ^HNMR analysis, 
samples have to be buffered, for example, by adding an equal volume of 
phosphate-buffered saline {pH 7.4). To circumvent the dominant H2O 
peak, samples are lyophilized and dissolved in D2O. Sodium-trimethyl- 
silyl- [2,2,3,3,-2H4]-1-propionate is added as an internal NMR reference. 
When measured using a spectrometer, peaks attributable to dietary 
components, such as glucose, saccharose, fructose, or agents involved 
in long term storage of the samples, such as hippuric acid and benzoic 
acid, are removed from the spectra before data processing. For 
normalization of spectra from urine samples collected at different 
time points and from different monkeys, all intensities are normalized 
against the -CH3 peak of creatinine. 

Data processing 

Figure lb shows two urine spectra from the same monkey; sample A was 
collected before disease induction and sample F at the height of clinical 
experimental autoimmune encephalomyelitis (Figure la: graph shows 
disease progression of three individual monkeys; 9338, 9314 and 9335). 



It is difficult to see differences between two spectra visually. A ""HNMR 
spectrum of one urine sample represents a set of several hundred data 
points. It is virtually impossible to detect systematic differences 
between larger groups of spectra without the use of pattern recognition 
techniques. In Figure lb, small differences between the NMR positions of 
the same points in different spectra were first corrected with a partial 
linear fit algorithm, with which spectra can be aligned [54]. Differences 
between these groups of spectra were analyzed by multivariate 
analysis; more specific principal component (PCA) in combination 
with discriminant (DA) analysis. When samples can be a priori defined 
as belonging to one cluster, DA is used to test the degree of similarity 
between clusters of samples [54-56]. 

Score plots are created to visualize the degree of similarity between 
clusters of samples in a two-dimensional plane determined by the two 
main discriminant axes (Figure Ic). Each cluster (A-F) corresponds to 
the samples from Figure la. Clusters overlap when the degree of 
similarity between the samples within the cluster is high. When clusters 
are clearly separated, it can be concluded that a significant difference 
exists between the constituents of the clusters. The score plot shows 
localization of the pre-disease clusters (A and B) in one quadrant, clearly 
separated from the post-disease samples. The variation between 
samples collected at one time point is low. 

Graphical rotation of the discriminant axes in a score plot in the 
direction of a certain cluster separation generates a factor plot 
(Figure Id). The resulting factor spectrum shows the most important 





Figure I. 
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NMR peaks contributing to the separation of clusters. Data from the 
factor plots are compared with a spectroscopy library to obtain tentative 
assignments of peal<s to molecular structures. In this pseudo spectrum, 
the peaks in the positive direction correspond to compounds that 
predominate in samples A to E; peaks in the negative direction 
correspond to compounds predominating in samples F. The spectra 
from samples in cluster F shows relatively more (than average for the 

healthy volunteers [53]). However, the variability among 
patients in disease phenotype, medication and lifestyle 
complicates the identification of the markers that cause 
the spectral differences among urine samples. The 
marmoset EAE model offers the possibility to investigate 
this in a controlled setting; urine can be collected at 
defined time points before and after disease induction, and 
both medication and diet can be standardized. 

In one study, urine was collected at weekly intervals 
from three common marmosets, in which EAE was induced 
by immunization with myelin from patients with MS 
(Box 2). Score plots revealed a marked change in the 
chemical composition associated with disease progression, 
such as neopterine, choline and inositol. ^HNMR spectrum 
analysis of the urine from common marmosets with 
rhMOG-induced EAE also revealed a marked change in 
the aliphatic region of the spectrum [53]. Although 
promising, the development of a diagnostic test awaits 
elucidation of the exact chemical nature of NMR pealts in 
other regions of the spectrum. 

Concluding remarks 

We believe that the common marmoset is a useful tool for 
molecular research into MS. The outbred character of the 
(chronic) EAE model, together with the close genetic and 
immunological proximity of marmosets and humans, offer 
a unique experimental setting for the research of the 
immunopathogenic mechanisms in MS. EAE models in 
rodents have limited value as preclinical test systems for 
new therapies, because of the poor immunological cross- 
reactivity with humans. Moreover, the rat and mouse 
brain contains only a small amount of white matter, and 
therefore less useful for the imaging of CNS white matter 
pathology than primates. The neuropathological simi- 
larity of the marmoset EAE model with the prevalent type 
II lesion pathology in chronic MS has been well established 
[5,24]. Our ability to examine lesion pathology using non- 
invasive brain imaging techniques and chemometric urine 
analysis provides a novel opportunity for preclinical 
therapy development for neurological disorders. 
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Abstract 

In the human disease multiple sclerosis (MS), the unmune 
mechanisms responsible for selective destruction of central 
nervous system myelin are unknown. In the common mar- 
moset CallUhrix Jacchus, a unique demyelinating form of 
experimental allergic encephalomyelitis resembling MS can 
be induced by hnmunization with whole myelin. Here we 
show that the MS-like lesion can be reproduced by immuni- 
zation against the extracellular domain of a single myelin 
protein, myelin/oligodendrocyte glycoprotein (MOG). By 
contrast, immunization against the quantitatively m^jor 
myelin protems myelin basic protein or proteolipid protein 
results in inflammation but little or no demyelination. Fur- 
thermore, in the presence of encephalitogenic (e.g., disease- 
inducing) T cells, the fully demyelinated lesion is recon- 
structed by systemic administration of IgG purified from 
whole myelin-, or MOG-inununized animals, and equally 
by a monoclonal antibody against MOG, but not by control 
IgG. Encephalitogenic T cells may contribute to the MS- 
like lesion through disruption of the blood brain barrier that 
permits access of demyelinating antibody into the nervous 
system. The identification of MOG as a m^jor target antigen 
for automunune demyelination in a nonhuman primate 
should facilitate development of specific immunotherapies 
for human MS. (/. Clin, Invest, 1995. 96:2966-2974.) Key 
words: experimental allergic encephalomyelitis • conunon 
marmoset • myelin/oligodendrocyte glycoprotein • inflam- 
mation • demyelinating antibody 
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Introduction 

Multiple sclerosis (MS)' lesions are characterized by large, 
sharply demarcated areas of demyelination associated with mac- 
rophage infiltration, accumulations of perivascular and paren- 
chymal T cells, and progressive astrocytic proliferation (gliosis) 
(1). Despite observations of cellular (2» 3) and humoral (4) 
immune reactivity to myelin autoantigens in some patients, and 
some similarity to the autoimmune disease model experimental 
allergic encephalomyelitis (EAE) (1), the etiology of MS re- 
mains unknown. In inbred rodents, antigens capable of inducing 
EAE by active immunization include the predominant myelin 
proteins myelin basic protein (MBP) and proteolipid apoprotein 
(PLP) (5. 6). the minor myelin protein myelin/oligodendrocyte 
glycoprotein (MOG) (7), and myelin lipids (8) or nonmyelin 
proteins of central nervous system (CNS) (9). Reconstitution 
and adoptive transfer experiments (10-12) have established 
a primary role for antigen-specific T cells in EAE. Antibody 
participation has also been suggested by observations that intact 
B cell function is required for fiill expression of EAE (13). 
and that clinical signs are enhanced and demyelination occurs 
following the administration of demyelinating antibodies. These 
may be directed against gangliosides and galactocerebroside 
( 14), myelin associated glycoprotein ( 15), or MOG (7). Patho- 
logically, typical acute EAE differs substantially from MS in 
that prominent inflanmiation occurs in gray, white and menin- 
geal structures and demyelination is scant or absent. 

A primary demyelinating form of EAE occurs in the com- 
mon marmoset C jacchus after inmiunization with whole white 
matter (WM). Typically, a chronic, relapsing remitting clinical 
course is observed. Pathologically, the disorder is characterized 
by the early development of large, sharply demarcated areas of 
demyelination and gliosis reminiscent of MS plaques ( 16). C. 
jacchus marmosets are also notable for the presence of perma- 
nent and stable bone marrow chimerism between fraternal sib- 
lings, resulting from sharing of a common fetal blood supply 
between developing embryos in utero. In contrast to rodent 
EAE ( 10- 12) , adoptive transfer of MBP-reactive T cells in this 
primate species was not sufficient to reproduce the distinctive 
pathologic lesion observed following active immunization with 
WM (17). Thus the pathogenesis of the demyelinating pheno- 
type was unknown. The present study was undertaken to iden- 
ti^ the target antigen(s) and immune mechanisms responsible 
for the MS-like lesion in C jacchus. 

Methods 

Antigens, human MBP and human PLP were purified as previously 
described (18, 19). The nonglycosylatcd recombinant fusion protein 
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Table I Clinical and Pathologic Characteristics of C. Jacchus EAE 



Pathology 



Antigen 


Animal 


EAE (day 
of onset) 


(days) 
initial/relapse 


Maximum 
grade* 


CSF 
(WBOmm*)* 


Subpial 
inflanmiation 


Perivascular 
cuffing 


Deroyellnadon 
(plaques) 


Day of 
death 


HWM 100 mo 


140-90 


17 


7 


4 (24) 


220 (24) 


+ 


+ + + 


+ + 


24 




139*90 


25 


7 


3 (32) 


580 (32) 


+ 


+ + + 


+ + + 


32 


\fBP 1 mc* 


361-90 


17 


14/2 


2 (51) 


80 (51) 


+ 


0 


0 


51 


MBP 1 mg^ 


362-90 


36 


10/24 


2 (80) 


ND 


0 


0 


0 


80 


MB? 500 ;ig 


567-92 


18 


3 


2(20) 


76 (20) 


+ 


0 


0 


20 


aa 1-21* 


36-91 






0 


ND 




ND 








37-91 






0 


ND 


0 


0 


0 


51 




100-89 


36 


10/27 


1 


ND 




ND 








407-89 


25 


33/— 


1 


ND 




ND 






aa 153-174* 


296-90 


18 


29 


2(47) 


ND 


+ 


0 


0 


47 




297-90 


17 


30 


1(46) 


ND 


0 


0 


0 


47 


PLP 100 /ig* 


325-91 


21 


42/91 


2(51) 


140(151) 


0 


0 


0 


158 




190-91 


24 


30/14 


2(100) 


60(87) 


0 


0 


0 


100 


PLP 200 fig 


267-88 


9 


3 


2(12) 


180 (12) 


0 


0 


0 


12 


PLP 200 Mg* 


124-93 


14 


17/57 


2(28) 


180 (103) 


+ 


+ 


+ 


103 


PLP 200 Mg + MBP 250 /2g 


88-88 


17 


10 


3(27) 


220 (27) 


+ 


+ 


+ 


27 


rMOG 100 fig 


123-93 


16 


2 


2(16) 


140 (16) 


+ 


0 


0 


17 




126-93 


17 


2 


3(18) 


360 (18) 


+ 




-»■++ 


18 




83-89 


14 


54 


4(68) 


120(16) 


+ 


++ 




68 


PLP 200 Mg + MBP 250 A*g + 




















rMOG 100 fig 


109-90 


17 


9 


3(25) 


420 (25) 


+ 






25 



* Number in parentheses refer to days afer the first immunization. * Animals were rcchallenged at days 46 after the first immunization. ND, not 
done. 



MCXj (rMOG) containing the extracellular domain of rat MOG (aa 1- 
125) was prepared as described in (20). The sequence of the construa 
is extended for the amino acids (Met)-Arg-Gly-Ser at its NH2 terminus, 
and for Arg-Ser-Gln-Ser-(His) 6 at its COOH terminus. The purity of 
all antigen preparations was confirmed by SDS-PAGE/Coomassie blue 
staining. MBP. major 18.5-kD band; PLP, 24 and 20-kD bands; MOG, 
14 and 28 kD aggregate form. 20-mer overlapping peptides of MBP 
were derived from the sequence of human MBP, which differs from 
monkey MBP by 4 of 172 aminoacids (5). The MOG overlapping 
peptides were synthetized according to the published sequence of rat 
MOG (21) 

Induction of EAE. Animals were inununized with the indicated 
amounts of myelin proteins (Table I ) or 100 fig MBP-peptides dissolved 
in 0.25 ml phosphate-buffered saline and mixed with an equal volume 
of complete Freund^s adjuvant supplemented with 3 mg/ml of H37 Ra 
killed mycobacterium. Three MBP peptides corresponding to regions 
of human MBP known to be encephalitogenic in C. jacchus (17) were 
tested (aa 1-21. aa 82-103, and aa 153-174). All animals received 
10'** killed Bordetella pertussis organisms intravenously on the day of 
immunization and 48 h later. Animals were cared for in fiiU accordance 
with institutional guidelines. Cerebrospinal fluid (CSF) was obtained 
by puncture of the cistema magna. All procedures were performed under 
brief ketamine ( 10 mg/kg i.m.) anesthesia. Animals were killed under 
ketamine anesthesia with a lethal dose of intravenous pentobarbital. 
Histopathological examinations were performed on formalin-fixed tis- 
sues. EAE was scored on a clinical scale of 1 to 5 by observers blinded 
to the study, and neuropathologic findings of inflammation and demye- 
lination were graded according to a scale of 0 to 3+ ( 16). 

Immunocytochemistry. Antibodies used in this study: CD3, rabbit 
anti human pan T cell; CD20, monoclonal mouse anti human B cell; 
CD68, monoclonal anti human macrophage (all from Dako); glial fi- 
brillary acidic protein (GFAP), clone G.A.5 (Boehringer Mannheim). 
The immunoperoxidase method with [33^-diamino-benzidine] (Bio- 



genex) was used. Positive controls for marmoset tissues were obtained 
using formalin-fixed spleen and lymph node tissues from normal C. 
jacchus. 

Immune reactivity to myelin antigens. T cell proliferative responses 
were measured using 2 x 10^ freshly isolated PBMC plated in 96-well 
plates in 200 fi\ of AIMV medium (GIBCO BRL, Gaithersburg. MD) 
with die following antigens: human WM (0.1%, wt/vol), MBP (50 figl 
ml), PLP (10 ^g/ml), or rMOG (10 /ig/inl)- After 48 h incubation, 
0.5 fiC\ [^H] thymidine was added and the cells were harvested 18 h 
later. Stimulation indices were calculated as the ratios of incorpora- 
tion in stimulated/ unstimulated (medium alone) PBMC. Antibody re- 
sponses were tested in serial dilutions of C. jacchus sera using a dot- 
blot microfiltration apparatus with purified MBP (250 ng/dot), PLP 
(500 ng/dot), and tMOG (500 ng/dot) adsorbed on 0.45 fim nitrocellu- 
lose membranes. Color development was achieved using anti -monkey 
IgG coupled to immunoperoxidase (Sigma Chemical Co., St Louis, 
MO) at a dilution of 1/4,(XX) and enhanced DAB substrate according 
to the manufacturer's instructions (Pierce. Rockford, IL). Fine specific- 
ity of anti-MOG antibodies were determined by ELISA in 96-well plates 
coated using 1 fig of synthetic rat MCXj-peptides per well, with 1(X) fi\ 
of seia (1:200 dilution) and 100 fi\ of peroxidase-conjugated anti- 
monkey IgG (1:6.000; Sigma Chemical Co.). Plates were developed 
with [a>phenylenediaimnel -peroxidase substrate and read at 490 nm. 

Adoptive transfer of autoantibodies. Native C. jacchus antibodies 
(IgG) were purified from plasma by affinity chromatography over pro- 
tein A -agarose using the MAPS buffer system (Bio-Rad Laboratories. 
Richmond, CA) according to the manufacturer's instructions, and then 
dialyzed against phosphate buffered saline before injection. The murine 
monoclonal anti-MOG antibody 8.18,C5 was purified from ascites su- 
pematants (22). Animals were inununized with native MBP (500 fig) 
and, at the time when clinical signs of EAE. CSF pleocytosis and T 
cell reactivity to MBP appeared. 150 mg/kg of C. jacchus IgG or 25 
mg/kg of 8.18.<^ were administered by a single intravenous injection. 
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(/) PLP-induced EAE illustrating a single inflammatory infiltrate {arrows) in the brain stem, 
shown at higher power in J\ {J) note the incomplete perivascular demyelination (highlighted 
EAE. Cervical spinal corxl section illustrating an infiltrate in the lateral funiculus {K, arrow), 
accompanying areas of incomplete demyelination. 



Figure I. Representative 
pathologic findings of EAE 
in C. jacchus. Low (A, C, 
G, I, and K) and high {B. 
D, E, F, H, y, and i- ) power 
views of fields stained with 
hematoxylin /eosin (C) or 
luxol fast blue /periodic 
acid Schiff. Bars, 200 and 
40 ^m, respectively. {A 
and B) Acute EAE induced 
by WM inununization. In 
A, foci of perivascular 
cuffing with pronounced 
demyelination. In B, higher 
magnification illustrates 
monocyte and macrophage 
infiltration; (C and D) 
EAE induced by rMOG. 
Note extensive perivascu- 
lar cuffing with demyelin- 
ation, and similar morphol- 
ogy of inflammatory cells 
as in WM-EAE; (£) EAE 
induced by MBP. Note 
subpial infiltration by mo- 
nonuclear cells in spinal 
cord, but absence of paren- 
chymal infiltration or de- 
myelination; (F) in con- 
trast, rMCXj-induced EAE 
displayed prominent de- 
myelination (arrowheads) 
underlying a subpial infil- 
trate in the spinal cord; (G) 
MBP-induced EAE. Low 
power view of a subpial in- 
filtrate (hematoxylin/co- 
sin); (H) MBP-induced 
EAE. A perivascular in- 
flanunatory infiltrate in a 
dorsal peripheral root; 
. (animal 124-93). The arrowhead indicates the area 
by the arrowheads); {KandL) MBP + PLP-induced 
comprised of perivascular monocytes (£, arrow) with 



Results 

To identify the role of different myelin proteins in C. jacchus 
EAE. groups of marmosets were actively immunized with either 
human WM, native MBP. synthetic peptides of MBP, PLP. or 
rMOG, either alone or in combination. All animals developed 
clinical signs of EAE within 36 d of immunization, with the 
exception of two animals immunized with a peptide correspond- 
ing to the amino acid sequence 1-21 of MBP (Table I). Severe 
clinical EAE (grades 3 and 4) and CSF pleocytosis indicative 
of CNS inflanunation occurred solely in animals immunized 
with whole WM, rM<Xj alone or rMOG in combination with 
PLP and MBP. Immunization with either MBP or PLP resulted 
in mild clinical signs (grade 2) and a mild degree of CSF 
pleocytosis; immunization with synthetic peptides correspond- 
ing amino acid sequences 82-103 or 153-176 of MBP also 
induced mild clinical disease, similar to that observed with 
whole MBP. After recovery from acute MBP or PLP induced 



EAE. rechallenge with the same protein resulted in the develop- 
ment of new clinical signs but did not increase disease severity. 
Thus by clinical criteria. rMCXJ was a more potent autoantigen 
than either MBP or PLP in C jacchus. 

The characteristic pathology of EAE induced by immuniza- 
tion with whole WM was also reproduced by immunization 
with rMOG, but not with MBP or PLP. Two of three animals 
immunized with rMOG, and one animal immunized with rMOG 
in combination with MBP and PLP, developed intense CNS 
perivascular infiltration by mononuclear cells and macrophages 
accompanied by prominent concentric demyelination (Fig. 1). 
By contrast, with MBP inmiunization subpial inflanmiation was 
present but no demyelinating lesions could be identified. In- 
flanunation in MBP-inmiunized animals was also present in 
spinal nerve roots (in particular the cauda equina), and it is 
possible that these inflammatory changes in the peripheral ner- 
vous system contributed to the clinical signs. These findings 
were identical to those previously reported to follow adoptive 
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transfer of MBP-reactive T cell clones in this species (17), In 
PLP-inimunized animals, subpial inflammation and occasional 
parenchymal perivascular mononuclear cell infiltrates occurred 
but demyelination was not present with the exception of a single 
focus in the brain stem of one of four PLP-immunized marmo- 
sets (Fig. 1, 1-J). Inununization of another animal with a com- 
bination of PLP and MBP resulted in a more severe form of 
EAE than present with either antigen alone. In this animal, 
rare foci of perivascular cuffing, macrophage accumulation and 
incomplete demyelination were present in the spinal cord (Fig. 
1, K-L). In both WM and rMOG EAE, acute inflanunatory 
lesions were comprised predominantly of T cells located in 
perivascular cuffs and surrounding parenchyma (Fig. 2). B- 
cells were also present but in lower numbers than T cells. 
Marked astrocytic proliferation (gliosis) was also characteristic 
of both WM and rMOG EAE. Because no parenchymal in- 
flammatory lesions were present in MBP-immunized animals, 
inununohistochemical studies in this model were confined to 
the characterization of the meningeal infiltrate. The meningitis 
in MBP-immunized animals consisted predominantly of CD34- 
T cells (data not shown). 

We examined circulating T cell and antibody responses in 



all immunized C. jacchus at the time of acute clinical disease. 
T cell proliferative responses could be readily detected against 
both MBP and rMOG but, consistent with earlier data ( 16), in 
no animal could a response to PLP be identified (Fig. 3 A). 
Circulating antibodies against the immunizing protein devel- 
oped in the MBP, PLP. and rMOG groups, and in WM-inmiu- 
nized animals antibodies against all three proteins were present 
(Fig. 3 5). PLP-inununized animals developed, in addition to 
anti-PLP antibodies, antibodies to both MBP and rMOG. Only 
whole WM and rMOG produced demyelinating forms of EAE 
(Table I), thus tiie MS-like lesion appeared to require both a T 
cell response to either MBP or MOG, and an antibody response 
against MOG. Overlapping synthetic peptides were used to map 
the fine specificity of the antibody response to rMOG. In each 
of three animals examined, this response was restricted to two 
regions of the protein spanning residues 1-25 and 50-79 (Fig. 
3 C). 

To identify a role for pathogenic autoantibody in plaque 
formation, purified IgG antibodies were adoptively transferred 
to MBP-inununized recipients. As described above, immuniza- 
tion with MBP results in clinically mild EAE and no demyelin- 
ation. IgG was prepared from the plasma of control animals 
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Figure 2. Immunocytochemistry of EAE 
lesions. {A-D) WM-EAE and (£-//) 
rMOG-EAE. (A and E) CD3+ T cells 
constitute the majority of the perivascular 
infiltrates; some T cells are noted to in- 
vade the parenchyma at a distance from 
the Virchow-Robin space. {B and F) 
CD20+ B cells are present both in the 
perivascular space and parenchyma. (C 
and G) CX>68+ macrophages, visible in 
areas of demyelination. (Z) and H) GFAP 
reactivity, illustrating intense pcri-le- 
sional gliosis. Bars, 40 /im. 



(IgG-C) and also from animals with demyelinating forms of 
EAE induced by active immunization with either WM (IgG- 
WM) or rMOG (IgG-rMOG). Adoptive transfer of IgG-WM. 
but not IgG-C, resulted in clinical deterioration within 48 h of 
antibody administration, and pronounced demyelination ob- 
served post-mortem (Table II). Clinical deterioration and de- 
myelination also followed administration of either IgG-rMOG 
or the MOG-specific mouse monoclonal antibody 8.18.C5. His- 
tologically, plaque formation in antibody recipients was indis- 
tinguishable from that resulting from active inununization with 
WM or rMOG (Fig. 4). No demyelination was present in mar- 
mosets inrniunized with complete Freund*s adjuvant and Borde- 
tella pertussis alone who then received monoclonal anti-MOG 
antibody, suggesting that demyelinating antibody requires an 



activated encephalitogenic T cell response to effectively target 
CNS myelin. 

Discussion 

This study establishes a primary role for MOG in an autoim- 
mune MS-like illness in a primate. Although EAE was initially 
described in monkeys, the clinical course in primates tended to 
be hyperacute and the pathologic lesions hemorrhagic and ne- 
crotic rather than demyelinating in nature (23) . With additional 
manipulations, for example steroid or other treatment adminis- 
tered during the acute period, chronic disease with demyelinat- 
ing characteristics has been reported in primates (24, 25), but 
the models have been cumbersome to use and not pathologically 
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Figure 3. T cell and antibody re- 
sponses to myelin antigens during 
C jacchus EAE. ( A ) T cell prolif- 
erative responses against WM. 
MBP, PLP. and rMOG, measured 
as stimulation indices during acute 
EAE induced by different anti- 
gens. See Methods for details. For 
each immunization group the 
number of animals is shown in pa- 
rentheses. * P < 0.05 compared 
with control (no antigen), Stu- 
dent's f test. (B) Antibody re- 
sponses to MBP. PLP and rMOG 
in animals immuniz-ffd with the 
different antigens. Representative 
data for each immunization group 
are illustrated as follows: row 2, 
control serum; row 2, WM; row 
3, rMOG; row 4, PLP; row 5, 
MBP. (C) Fine specificity of anti- 
MOG antibody responses in 
rMOG-immunized animals deter- 
mined by ELISA. In individual 
animals, reactivity was assessed 
by the use of overlapping peptides 
corresponding to the extracellular 
domain of MOG. As shown in the 



ABSORBANCE (490 nm) 

top lane, all three immunized animals displayed antibodies against the whole rMOG protein. Two regions of MOG. located between aa 1-25 
and aa 50-79, could be identified as antigenic targets of the antibody response. See methods for details of the assay. 



MS-like. The unique EAE-WM lesion in C. jacchus, character- 
ized by widespread acute demyelination, demonstrated that an 
MS-like phenotype indeed could be created in a species phylo- 
genetically close to humans. The different EAE phenotypes that 
occur in C. jacchus using various immunization or adoptive 
transfer strategies permitted the identification of the mecha- 
nisms responsible for the fiilly developed lesion to be defined. 
In addition to the role of MOG as an autoantigen, current data 
also demonstrate the importance of autoantibodies in plaque 
formation. Synergism between an encephalitogenic T cell re- 
sponse and specific demyelinating antibody appears to be re- 
quired to produce the fully developed MS-like lesion. Both 
MBP and MOG appear to be effective T cell antigens in C. 
jacchus. EncephaUtogenic T cells may function, at least in part. 



through disruption of the blood brain barrier and facilitation of 
entry of autoantibody into the CNS. 

The precise mechanisms that underlie immune-mediated de- 
myelination in EAE (or in MS) are not known. It has been 
posmlated that, following entry of sensitized T cells into the 
CNS, antigen recognition occurs in the context of antigen pre- 
sentation by resident CNS cells (26). Inflammatory cytokines, 
including tumor necrosis factor-a and interferon-y. are secreted 
and naay directly mjure oligodendrocytes, the myelin producing 
cells (27). Cytokine mediators are also likely to participate in 
recruitment of other inflanmiatory cells to the CNS for example 
macrophages, the cell type most often associated with demyelin- 
ating lesions. In EAE, a critical role for tumor necrosis factor-a 
in demyelination is suggested by the observation that rolipram, a 



Table 11. Adoptive Transfers of Autoantibodies in MBP -Immunized Marmosets 





Onset of EAE 


CSF 




EAE grade 


Subpial 


Pathology 


Demyelination 


Day of death 


Animal 


(days) 


CWBC/rain') 


Antibody (days pi) 


(before/after antibody) 


inflammadon 


perivascular cuffing 


(plaques) 


120-92 


13 


45 


IgG-WM (23) 


2/3 


+ 




-H- 


37 


90-88 


21 


70 


IgG-WM (23) 


2/3 




+ + 


+ + 


25 


91-88 


13 


32 


8.18.C5 (23) 


2/3 


-1- 


+ 


-1- 


37 


468-93 


19 


140 


8.18.C5 (34) 


2/3 


+ 




-1--*- 


36 


499-93 


9 


NA 


IgG-rMOG(32) 


2/3 


+ 


+ + 


-n- 


41 


102-89 


26 


52 


rIgG-C (28) 


2/2 




0 


0 


30 


119-92 


41 


NA 


IgG-C (41) 


2/2 


-1- 


0 


0 


43 


102-93* 




0 


8.18.C5 (23) 


0/0 


0 


0 


0 


25 


506-93* 




NA 


8.18.C5 (23) 


0/0 


0 


0 


0 


25 



* Animals immunized with Frcund's adjuvant and Bordetella pertussis only. NA, not available. 
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Figure 4. Adoptive transfer of demycUnating antibodies reproduces MS-like lesions in MBP-immunized C. jacchus. Typical lesions in the brain 
stem produced by intravenous adniinistration of the monoclonal anti-MOG antibody 8.18,C5 {A) or IgG-WM {B)/m animals previously immunized 
with MBP. Luxol fast blue/periodic acid Schiff. (A) Low power view of parenchymal infiltrates (arrows). Bar, 200 fim. (B) High power view of 
an infiltrate, demonstrating that demyelination has occurred. Bar, 40 ^m. 



selective inhibitor of the type IV phosphodiesterase, suppressed 
tumor necrosis factor a secretion, clinical disease manifesta- 
tions, and demyelination (28. 29). 

Earlier reports supported a role for antibody-mediated mech- 
anisms in demyelination. In rodents, EAE can be converted 
from a nondemyelinating to a demyelinating form by adminis- 
tration of antimyelin antibodies. As in the current study, admin- 
istration of demyelinating antibody was associated with a wors- 
ening of the clinical EAE score (7). Demyelinating activity of 
some autoantibodies correlated with their complement-fixing 
properties (30). In addition to direct complement-mediated tis- 
sue injury, antibodies might also facilitate demyelination via 
macrophage activation leading to cytokine-mediated injury to 
oligodendrocytes, myelin phagocytosis, or antibody dependent 
cell mediated cytotoxicity (31). 

In previous experiments, MOG was identified as a poten- 
tially important encephalitogen in rodents. A relapsing remitting 
form of EAE can be induced by a synthetic peptide correspond- 
ing to amino acid residues 92-106 of MOG in SJL mice (20). 
In contrast to rodents, the C. jacchus marmoset appears to be 
exquisitely sensitive to inmiunization with MOG relative (o the 
more abundant myelin proteins, MBP and PLP. The strong 
proliferative response to MOG observed in WM-inmiunized C 
jacchus is noteworthy given its low abundance (^0.1% of 
myelin proteins) in CNS. In the current study, the recombinant 
fusion protein rMOG was employed. This protein consists of the 
extracellular, inununoglobulin-like domain of rat MOG (21). 
Although the sequence of C. jacchus MOG is not known, the 
amino acid sequence of MOG is highly conserved between 
species. For example, human and rat MOG differ only by 12 
amino acids within the immunoglobulin-like domain (21, 32). 
The importance of anti-MOG autoantibodies in demyelination 
might be due to the accessible localization of MOG. and in 
particular of the extracellular immunoglobuUn-Iike domain of 
the molecule, at the outermost surface of the myelin sheath 
(33 ) . In addition to anti-MOG IgG. other demyelinating autoan- 
tibodies may be present in IgG-WM that also contribute to the 
pathology in recipients of antibody transfers. Other potential 
autoantibodies notwithstanding, it is clear that anti-MOG IgG 
alone can facilitate demyelination in C. jacchus. In earlier in 



vivo or in vitro studies, demyelination was found to result from 
antibodies that recognized gangliosides. galactocerebroside 
(14) or myelin associated glycoprotein (15). Characterization 
of the repertoire of antigens that are targeted by pathogenic 
demyelinating antibodies in C. jacchus is in progress. 

In PLP-inununized marmosets, circulating antibodies not 
only to PLP but also to MBP and MOG were detected. The 
PLP preparation used for inmiunization contained no detectable 
immunoreactivity against either MBP or rMOG (Fig. 3 B, lines 
J and 5). Thus, it is unlikely that the PLP was contaminated 
with other myelin proteins. It is possible that the immune re- 
sponse to PLP resulted in production of antibody against one 
or several epitopes of PLP that were cross-reactive against other 
myelin proteins. More likely, antigenic spread due to secondary 
sensitization may explain the development of autoantibodies 
against MBP and MOG in PLP-inununized marmosets. This 
mechanism has been proposed to account for the expansion of 
antigenic spreading of encephalitogenic determinants during the 
course of disease in rodent models of EAE (34-36). It is of 
interest that little demyelination was present in PLP-immunized 
marmosets, despite the appearance of circulating antibodies re- 
active against rMOG. In these animals, there was no develop- 
ment of a proliferative T cell response against PLP. and with 
few exceptions perivascular cuffing in the CNS was lacking. 
Perhaps T cell activation in response to the dose of PLP used 
for inamunization failed to disrupt the blood-brain barrier suffi- 
ciently to enhance passage of demyelinating antibody into the 
CNS. Alternatively, anti-MOG antibodies induced by PLP sen- 
sitization may be nonpathogenic. Some degree of demyehnation 
was present in one marmoset immunized twice with PLP, and 
also in the animal inununized with a combination of MBP and 
PLP. This may indicate that PLP is effective at a higher dose, 
or that a synergism between MBP and PLP results in limited 
demyelination in C. jacchus. 

Consistent with previous data (16) we did not detect a 
specific T cell response against PLP in either WM-or PLP- 
immunized animals. In preliminary experiments and in earlier 
experience (16), proliferation assays were performed utilizing 
concentrations of PLP ranging from 0.5 to 40 pg/ml and in no 
case was a significant response detected. In addition, PBMC 
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from PLP-immunized animals did not proliferate against PLP- 
peplide 139-151 which represent a major encephalitogenic de- 
terminant of PLP in SJL/J mice (37). It is thus unlikely that a 
PLP-specific T cell response was present but not detected. In a 
different model of C jacchus EAE in which a vaccinia-MBP 
construct was administered to modulate the disease course, pro- 
liferative responses to whole PLP were detected in some ani- 
mals, indicating that the assay system was able to detect a 
response against diis protein (C. Genain et al., manuscript in 
preparation). In the current study, higfi titers of anti-PLP anti- 
bodies were elicited in all PLP-immunized marmosets, raising 
the possibility that a Th2-like response to this protein occurs in 
this species. 

Multiple lines of evidence support a role for antigen specific 
T cells reactive against MBP (2) , PLP (38, 39) and MOG (40) 
in the pathogenesis of MS. A primary T cell etiology to MS 
has been hypothesized based upon these studies, by analogy to 
MBP-induced EAE in rodents ( 11, 12), by other reports of T 
cell abnormaUties in MS patients (41 ), and by demonstration of 
genetic linkage of MS to the major histocompatibility complex 
(MHC) (42) and T cell receptor beta chain loci (43). In the 
CSF of individuals with MS, evidence of an antibody-mediated 
immune response includes findings of elevated levels of inunu- 
noglobulin (44), membrane attack complexes indicating com- 
plement-mediated injury (45), and autoantibodies to myelin 
proteins (4). Using various in vitro systems, demyelinating 
antibody activity has been reported (46), and also disputed 
(47), in MS. Current findings raise the possibility that both a 
T cell and an antibody response may be required for the fiiUy 
developed MS lesion or plaque to occur. In MS, perivenous 
inflanunation and enhanced vascular permeabihty is not infre- 
quently present in the retina, a tissue devoid of myelin (48). 
This implies that cellular infiltration and blood-brain barrier 
breakdown in MS does not result only from the effects of T 
cells that recognize antigens unique to myelin. By analogy to 
C jacchus, the demyelinating phenotype in MS could result 
from autoantibodies directed against accessible myelin determi- 
nants in the context of a T cell response that enhances antibody 
access to the target tissue. Further definition of the role of 
autoantibodies directed against MCXJ, a minor but highly en- 
cephalitogenic protein, in plaque formation will be of consider- 
able interest. 
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Abstract 

A T cell response against myelin basic protein (MBP) is 
thouglit to contribute to the central nervous system (CNS) 
inflammation that occurs in the human demyelinating dis- 
ease multiple sclerosis. To test whether MBP-reactive T cells 
that are normally retrieved from the circulation are capable 
of inducing CNS disease, MBP-reactive T cell clones were 
isolated from the peripheral blood of healthy, unimmunized 
Caliithrix Jacchus (Cjacchus) marmosets. This primate spe- 
cies is characterized by a natural chimerism of bone marrow 
elements between siblings tliat should make possible adop- 
tive transfer of MBP-reactive T cells. We report that MBP- 
reactive T cell clones efficiently and reprodudbly transfer 
CNS inflammatory disease between members of C. Jacchus 
chimeric sets. The demyelination that is characteristic of 
experimental allergic encephalomyeUtis induced in C. Jac- 
chus by inununization against human white matter did not 
occur after adoptive transfer of the MBP-reactive clones. It 
was noteworthy that encephalitogenic T cell clones were 
diverse in terms of their recognition of different epitopes of 
MBP, dfytingMishing the response in C. Jacchus from that 
in some inbred rodents in which restricted recognition of 
MBP occurs. These flndings are the first direct evidence that 
natural populations of circulating T cells directed agahist 
a CNS antigen can mediate an Inflammatory autoimmune 
disease. (/. CUn, Invest 1994. 94:1339-1345.) Key words: 
experimental allergic encephalomyelitis • multiple sclerosis 
• autohnmunity 

Introduction 

Myelin basic protein (MBP)' is, in most mammalian species, 
the major antigen responsible for experimental allergic encepha- 
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lomyelitis (EAE), an autoimmune disease which serves as a 
model for the human demyelinating disease multiple sclerosis 
(MS). In several rodent models, EAE is mediated by a T cell 
response to MBP. as demonstrated by the ability of MBP-reac- 
tive T cells derived from spleen and lymph nodes of an immu- 
nized donor to adoptively transfer disease into naive syngeneic 
recipients ( 1-4). In humans. MBP-reactive T cells are thought 
to play a role in acute disseminated encephalomyelitis that fol- 
lows infection or vaccination (5, 6) and have long been sus- 
pected as effector cells in MS (7). MBP-reactive T cells are 
present in the circulation of patients with MS but are also pres- 
ent in healthy individuals (8-12). The role of these circulating 
T cell populations in the induction of human MS is unknown. 
Cross-species adoptive transfer experiments have been at- 
tempted with human donor cells transferred into rodent hosts, 
but have been unsuccessful (N. Joshi, unpublished observa- 
tions) or have yielded uncertain results (13-15). 

The common marmoset Caliithrix jacchus ( C. jacchus) rep- 
resents a unique species for the study of T cell-mediated dis- 
eases in primates, because these monkeys are bom as naturally 
occurring bone marrow chimeras. While the individual animals 
arise from separate ova that are fertilized independently, the 
placentas of the developing animals fuse, resulting in a crosscir- 
culation of bone marrow-derived elements between the fetuses. 
Thus, while the animals are genetically distinct, they share, and 
are tolerant to, each other's bone marrow-derived cell popula- 
tions (16). TTie natural chimerism in C. jacchus theoretically 
makes possible adoptive transfer of functional T ceU popula- 
tions between members of an outbred species without initiating 
an alloresponse. We have recently found that a relapsing-remit- 
ting form of EAE which bears a strong clinical and pathological 
resemblance to human MS can be induced in C jacchus by 
inmiunization with human CNS white matter.^ tamunized ani- 
mals display specific proliferative responses to MBP, suggesting 
that MBP is an autoantigen in C. jacchus EAE. Thus, this 
outbred species of non-human primate is characterized by bone 
marrow chimerism and susceptibility to CNS disease, creating 
an opportunity to elucidate the antigenic repertoire and the en- 
cephalitogenic potential of circulating populations of MBP-re- 
active T cells. 

Here we show that MBP-reactive T cell clones can be de- 
rived from the circulation of uninmiunized. healthy C. jacchus. 
Furthermore, these T cell clones are consistently able to induce 
an inflammatory CNS disease by adoptive transfer. Different T 
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cell clones derived from the same animal and reactive against 
different epitopes of MBP appear to be equally encephalito- 
genic. The data are the first direct demonstration that T cells 
reactive against a self-antigen and present in the normal circulat- 
ing pool are capable of mediating an autoimmune disease. 

Methods 

Animals. C. jacchus maimosets were maintained in primate colonies at 
the University of California, San Francisco and New England Regional 
Primate Research Center. The animals used in this study were cared for 
in accordance with the guidelines of the Committee on Animals of the 
Harvard Medical School and those of the Committee on Care and Use 
of Laboratory Animals of the Institute of Laboratory Animal Resources, 
National Research Council. A maximum of 2.5 ml of blood every other 
week was taken from each animal. CSF was obtained by puncnire of 
the cistema magna. Phlebotomy, cisternal puncture, and inU^vcnous 
transfer of T cells were done under brief anesthesia (Ketamine, 10 
mg i.m.). Magnetic resonance imaging (MRI) was performed under 
anesthesia with Propofol, 20-50 mg/h in intravenous drip. 

Production and characterization of T cell clones. MBP-reactive T 
cell clones were derived from PBMC of naive (e.g., unimmunized) C 
jacchus by limiting dilution. Freshly isolated PBMC were cultured at 
10^ cells/well in 96 round-bottom well plates (Coming Inc., Coming, 
NY) with purified human MBP (50 fig/mi final concentration) ( 17) in 
RPMI 1640 supplemented with 2 mM glutamine (Gibco, Grand Island, 
NY) , 20 mM Hepes buffer and 10% controlled processed serum rcplacc- 
ment-2 (CPSR-2) ( Sigma Chemical Co., St. Louis. MO), and penicillin/ 
streptomycin/ gen tamycin at standard concentrations (Gibco). After 3 
d the culture medium was supplemented with 10% heat-inactivated 
human AB scrum (Pel-Frecz Biologicals, Rogers, AR). 10% human T 
cell growth factor (Cellular Prods, Inc., Buffalo, NY), 40 U/ml recom- 
binant lL-2 (Hazelton Systems, Inc., Aberdeen, MD) and 4 U/ral IL-4 
(Genzyme Corp., Cambridge, MA) and this growth medium was 
changed every 3 d for 9 d. T cells were restimulated at the end of the 
cycle by addition of 10^ syngeneic and/or chimeric freshly isolated 
PBMC pulsed with MBP (50 pg/ml) and irradiated (3000 rad) as APC. 
T cell clones were expanded by multiple cycles of restimulation with 
MBP/ APC followed by culture in growth medium. After 4-6 cycles, 
MBP-reactive clones were identified and characterized for peptide speci- 
ficity by [^H] thymidine incorporation in a 72-h proUferation assay. 5 
X 10* T cells were cultured with 10^ irradiated APC and 25 fig/ral of 
MBP, 50 /ig/ml of each MBP-pcptide or no antigen (background) in 
10% CPSR-2 medium for 72 h. 18 h before tcmunation, ['H] thymidine 
(0.5 /iCi/well) was added. The stimulation index (SI) was measured 
for each MBP-reactive clone on the day of transfer and was calculated 
as the ratio of incorporation of [^H] thymidine (cpm) in the presence 
of MBP over that of background. Fine mapping of peptide reactivity 
was studied using a panel of sixteen 20-mer synthetic peptides corre- 
sponding to overiapping peptides of human MBP. Human and monkey 
MBP differ by only 4 of 172 amino acids ( 18). All peptides recognized 
by the MBP-reactive T cell clones shared sequence identity with monkey 
MBP, with the exception of one clone directed against the human 143- 
162 amino acid sequence that differs by a single amino acid between 
the species. T cell clones used in control experiments were isolated by 
the same limiting dilution technique but did not react with MBP or 
peptides in the proliferation assay. 

Adoptive transfer. At the end of the stimulation cycle 10' T cells 
were rested for 48 h in CPSR-2 medium, then restimulated with either: 
MBP (50 ^xg/ml) in the presence of irradiated (3000 rad) syngeneic/ 
chimeric PBMC as APC; or 4 ^ig/ml concanavalin A. Control, MBP 
nonreactive clones were restimulated with 4 /xg/ml concanavalin A, 
Growth medium was added after 48 h, and 24 h later cells were har- 
vested, washed with RPMI, resuspcnded in 2 ml of 0.9% saline i.v. and 
injected into the popliteal vein, followed inmiediately by intravenous 
injection of 10'° killed Bordetella pertussis organisms. 48 h later, a 
second intravenous injection of Bordetella pertussis was administered. 
In an additional control group, two animals received the two injections 
of Bordetella pertussis but no cells. 



Table I. Effective Cross-presentation of MBP and the Synthetic 
Peptide 153-172 to the T cell Clone 31.N.2.73 by APC from 
Chimeric Siblings 



cpm (SI) 


Animal source 




MBP 


aa 153-172 


of APC 


Background 


(23 fisfml) 


(50 /igftnl) 


A* 


1.350 


15,159 (8.8) 


14,761 (9.1) 




1.887 


13,498 




B 


2.107 


13.531 (6.2) 


13,112 (5.8) 




2.427 


14,943 




C 


654 


11,835 (17) 


15,239 (23) 




679 


10.954 





Clone 31.N.2,73 was derived from animal A (*) in chimeric set 3 (sec 
Table H). 



Assessment of EAK The appearance of EAE was monitored in recip- 
ient animals by daily clinical evaluation, examination of CSF, MRI, and 
neuropathologic criteria. The severity of disease was graded by two 
independent observers blinded as to the identity of the clone transferred: 
0. normal; 1, lethargy, anorexia, weight loss; 2. ataxia and either parapa- 
resis /monoparesis* sensory loss or brain stem syndrome including gaze 
palsy, blindness or dysarthria; 3, paraplegia or hemiplegia; 4, quadriple- 
gia. Postmortem examination was performed on formalin-fixed tissues. 

Results 

Adoptive transfer of EAE by natural MBP-reactive T cell 
clones. We first demonstrated that APC from chimeric siblings 
were equivalent to syngeneic APC in the presentation of MBP 
or the relevant peptide to the T cell clones derived from one 
member of the sets (Table I). Therefore, selected clones could 
be adoptively transferred into the animal of origin or into a 
chimeric sibling. Table n sunmiarizes the results for five adop- 
tive transfers performed with MBP-reactive clones, and three 
control adoptive transfers carried out with MBP nonreactive 
clones (chimeric sets 1-4). In chimeric set 5, animals received 
intravenous Bordetella pertussis but no cells. The SI of the 
different MBP-reactive clones used for adoptive transfers 
ranged from 6 to 215. No reactivity to MBP (SI < 1) was 
detected in the control clones. Clinical signs of EAE developed 
within 13-27 d after T cell transfer in all five C jacchus that 
received an MBP-reactive T cell clone (chimeric set 1. animals 
A and B; chimeric set 2. animal A; chimeric set 3, animals A 
and B), and in no control animal. Signs included weight loss, 
sensory loss in the lower limbs, tremor, mono- or paraparesis, 
or a brain stem syndrome consisting of an altered cry and disor- 
dered conjugate gaze. Disease severity did not exceed grade 2 
(Table II). In two animals not killed, clinical signs persisted 
for a period of 4-8 wk before gradually disappearing (animals 
A and B, chimeric set 3). In one experiment (chimeric set 3, 
clone 31. N.2.73), concanavalin A appeared as efficient as MBP 
for stimulation of the encephalitogenic clone prior to transfer. 
In each animal witii EAE, cerebrospinal fluid (CSF) pleocytosis 
indicative of central nervous system (CNS) inflanmiatory dis- 
ease was present at the onset of clinical signs (Table II). Se- 
quential CSF analyses performed in two animals (chimeric set 
3 ) indicated that pleocytosis preceded the onset of neurologic 
signs (Fig. 1). In the same two animals, MRI studies were 
performed after the onset of the neurologic signs. Foci of in- 
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Table II. Adoptive Transfer ofEAE by Naturally Occurring MBP- reactive T Cell Clones 


Chimenc 




No. of cells 


Qone No. and 












set 


Animal 




■ffwieifigitv 


SI 


Onset 


Clinical signs (EAE grade) 


CSF 


Pathology 












dqfter tnnufer 








1 


A 




24.N.2.14 


52 


13 


Extraocular ntotor palsy. 


750 










aa 153-172* 






dysarthria euthaiuzed day 20 


















(2) 








B* 




24.N.2.7 


215 


14 


Paraparesis and sensory loss 


60 


+ 








aa n-30* 






lower limbs: euthanized day 


















20(2) 








c 


10' 


24.N.2.5 




(48 d observation) 


None: euthanized day 48 (0) 


9 










Nonreactive* 












2 


A 


10' 


21.N.2.26 


21 


13 


Paraparesis, tremor, euthanized 


360 


+ 








aa 143-162* 






day 22 (2) 








B 


10' 


21.N.2.23 




(94 d observation) 


None (0) 


0 


ND 








Nonreactive* 












3 


A* 


10' 


31,N.2.73 


8.8 


14 


Complete sensory loss lower 


75 


ND 








aa 153-172* 






limbs (2) 








B 


10' 


31.N.2.73 


6.3 


27 


Left lower leg weakness (2) 


465 


ND 








aa 153-172' 














C 


ND 














4 


A* 


10' 


6.N.2.0 




(270 d observation) 


None (0) 


0 


ND- 








Nonreactive' 












5 


A 


i.v. pertussis 






(72 d observation) 


None (0) 


0 


ND 




B 


i.v. pertussis 






(48 d observation) 


None (0) 


ND 


ND 



* Origin of MBP-ieactive T cell clones and control, non-MBP reactive clones used for transfer. e.g., animal B, chimezic set 1; animal C. chimeric 
set 2 (not shown); animal A, chimeric set 3; animal A, chimeric set 4. Stimulation of T cell clones pnor to transfer was performed with either 
MBP (*) or concanavalin A (*). MPB-reactive T cell clones io chimeric sets 1 and 2 were stimulated with MBP. In chimeric set 3, two adoptive 
transfer were performed widi the same clone (31.N,2.73) stimulated with cither MBP (animal A) or concanavalin A (animal B). All control, non 
MBP-reactive clones were stimulated with concanavalin A. ND, Not done. 



creased signal intensity on T2-weighted images were present, 
suggestive of edema (Fig. 2 A). On Tl -weighted images, ob- 
tained following administration of contrast material, areas of 
gadolinium enhancement appeared in CNS white matter, indica- 
tive of blood brain barrier breakdown (Fig. 2, B and C). Some 
of the MRI findings in the animals studied correlated with the 
clinical signs. For example, animal B displayed left lower limb 
weakness and a lesion within the right side of the midbrain. 
Animal A had sensory loss in the lower limbs and evidence of 
a lesion with mass effect in the posterior column of the cervical 
cord (Table II and Fig. 2, 5 and C). Control animals were 
observed for a period ranging between 48 and 270 d. None of 
the iive C. jacchus in this group developed clinical signs of 



EAE. CSF studies performed at day 14 and 28 after transfer 
were normal (Table H). 

Postmortem examination of the cerebrum and the spinal cord 
was performed in three animals with EAE and in one control 
animal. The animals with EAE were killed between day 20 and 
day 22 after adoptive transfer of T cell clones, corresponding to 
6-9 d after the onset of die clinical signs (Table 11). At this stage 
of disease, occasional areas of necrosis and inflammation were 
present in two of the diseased animals (Table H, Fig. 2D), but 
foci of demyelination and gliosis were notably absent. No lesion 
was observed in the control animal studied. 

Antigenic repertoire of natural encephalitogenic T cell 
clones. The frequency of MBP-reactive T cell clones in circulat- 




Figure I. CSF pleocytosis precedes the onset of 
clinical signs in adoptive EAE. Two animals 
were studied by sequential cisternal puncture and 
clinical examination. For each, the CSF cell 
count {circle) and corresponding clinical score 
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Figure 2. MRI and Pathologic Findings in adoptive EAE. (^) A focus of increased T2 signal intensity appears in the left temporal-parietal white 
matter (7) and mass effect from a second lesion produces thinning of the left splenium of the corpus callosum (2); (B) A Tl scan following 
intravenous administration of Gadolinium-DTPA demonstrates an enhancing lesion within the right side of the midbrain (arrow) \ chimeric set 3. 
animal B. (C) Cervical cord section demonstrates a Tl -Gadolinium enhancing lesion in the right posterior column (arrow) with mass effect on 
the posterior horn of the gray matter of die cord; chimeric set 3» animal A.{D) Pathological example of a necrotic focus without demyelination in 
the dorsal mesencephalon. Frozen section. (Hematoxylin/eosin, x300); chimeric set 2. animal A. 



ing PBMC of normal C. jacchus ranged between 3 and 7 per 
10 similar to the frequency estimated to be present in the 
circulation of healthy humans ( 8- 12) . Mapping of the antigenic 
peptides recognized by individual clones indicated that multiple 
regions of the MB? molecule were recognized by naturally 
occurring T cells (Fig. 3). The pattern of reactivity to overlap- 
ping peptides identified differences in the fine specificity be- 
tween clones reactive against similar regions of MBP, further 
increasing the number of epitopes recognized. For example, the 
fine specificity of aminoterminus-reactive clones 31N.2.18 and 
31.N.2.54 could be distinguished by reactivity against aa 1-21 
in the former clone only (Fig. 3) . Similarly, encephalitogenicity 
in the blood-derived T cell clones was not restricted by recogni- 
tion of a single antigenic region of MBP. Four clones, each 
reactive against one of three di^erent firagments of the molecule 
(aa 11-30. 143-162. and 153-172). could efficiently transfer 
disease (Table 11). In chimeric set 1. two different clones de- 
rived from the same animal, reactive respectively against the 
amino terminus and carboxyl terminus regions of MBP. were 
encephalitogenic. These data indicate diversity in the T cell 
response to MBP that may result in clinical disease. 

Discussion 

MBP-reactive T cells could readily be cloned from the periph* 
eral blood of normal unimmunized C. jacchus primates. They 



were similar in several respects to the repeitoire of circulating 
MBP-reactive cells described in human blood (8-12). First, 
circulating MBP-reactive T cells occur at similar frequencies 
in the two species. Second, fine specificity mapping of different 
T cell clones derived from single individtuds indicated diversity 
of recognition to multiple different epitopes of MBP. Thus, both 
in C. jacchus and human primate PBMC. a high frequency of 
MBP-reactive T cells and diversity in MBP epitope recognition 
are characteristic. 

The bone marrow chimerism in C. jacchus made possible 
the direct demonstration that MBP-reactive T cells were enceph- 
alitogenic following expansion and adoptive transfer. Thus, po- 
tential disease-inducing populations of MBP-reactive T cells 
are normally present in primates. In rats, Schluesener and Wek- 
erle were able to isolate a single encephalitogenic MBP-reactive 
T cell line from lymph node of the EAE susceptible Lewis 
strain, but a similar line derived from the resistant BN strain 
was nonencephalitogenic ( 19). The Lewis line was successfully 
derived only after multiple negative attempts, and following 
negative selection of autologous MHC-reactive T cells. This 
was the first demonstration that EAE-inducing populations are 
present in the normal inunune system. The current data demon- 
strate that these cells are in relative abimdance in the circulation 
of normal outbred primates and are diverse in terms of their 
recognition of different epitopes of MBP. In C. jacchus, MBP- 
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31. N. 2.222 
31.N.2.239 
31. N,2.240 



Figure 3. The natural repertoire of circulating MBP-rcactive T cells in a healthy C. jacchus mannoseL Each clone was mapped for reactivity 
against synthetic 20-mer peptides corresponding to overi^ing regions of human MBP. In this animal (chimeric set 3, animal A) at least seven 
discrete epitopes of MBP were recognized by different T cell clones. 



reactive T cells are neither deleted, nor irreversibly tolerized, 
in the peripheral pool. 

What mechanistns prevent development of spontaneous 
EAE in C jacchusl MBP-reactive T cells must first penetrate 
the blood- brain barrier to mediate disease, a process that is 
influenced by activation (20). Activation by specific antigen, a 
relevant superantigen (21) or a mitogen (4), could enhance 
CNS migration of naturally occurring circulating encephalito- 
genic T cells. The critical role of environmental exposure on 
the course of EAE was illustrated recently in a transgenic mouse 
model. A functional T cell receptor derived from an encephalito- 
genic MBP-reactive T cell was expressed in an MHC compati- 
ble host (22). All peripheral inunune system CD4 cells ex- 
pressed the transgenic T cell receptor. Surprisingly, develop- 
ment of EAE in these animals required additional exposure 
to environmental pathogens or inmiunization with Bordetella 
pertussis. Transgenic animals uninmiunized or housed in a 
germ-fiee environment did not spontaneously develop EAE. 
Thus, a large burden of encephalitogenic T cells may be toler- 
ated under some conditions without pathogenic consequences 
to the host. This appears also to be the case in C. jacchus. It 
is possible that active suppression might inhibit spontaneous 
induction of EAE by natural encephalitogenic T cell popula- 
tions. In Lewis rats tolerized with CNS antigens (23) or recov- 
ered from EAE. suppressor T cell Unes have been isolated that 
are capable of preventing EAE after adoptive transfer of enceph- 
alitogenic T cell lines (reviewed in 24) . In H-2'' mice, recovery 
from MBP-induced EAE is associated with expansion of a CIM 
T cell population that expresses the V^14 T cell receptor gene 
segment and responds to a V^8.2 peptide expressed on most 
MBP-reactive encq)halitogenic T cells in this strain (25). 

Mapping data in C. jacchus are in agreement with a previous 
report suggesting that the carboxy terminus of MBP contains 



antigenic determinants in primates (26) but also indicates that 
the natural encephalitogenic repertoire in C. jacchus is broad. 
In most inbred rodents examined, only exceedingly restricted 
populations of T cells mediate acute EAE. For example, the 
encephalitogenic response to MBP is largely directed against 
the 1-9 amino terminus in the H-2" mouse, against several 
epitopes within the 89-101 fragment in H-2' mouse, and 
against the 68-88 fragment in the Lewis rat (27-29). Similar 
to C jacchus, diversity in recognition of MBP peptides spears 
to be characteristic of healthy humans and also patients with 
multiple sclerosis (MS) (8. 9. 12, 30-33). In outbred primates, 
both human and nonhuman, heterozygosity at different loci of 
the MHC may contribute to effective recognition of a greater 
number of epitopes of MBP than is possible in inbred rodents. 
Based upon analogy with C Jacchus, it is likely that, in humans. 
T cells that recognize diverse epitopes of MBP are potentially 
encephalitogenic. This concept has important implications for 
future attempts to specifically modulate an autoimmune re- 
sponse to MBP in humans. 

Prominent and early demyelination is a hallmark of acute 
EAE induced in C jacchus by active inmiunization widi whole 
human white matter in adjuvant.^ Following adoptive transfer 
to naive recipients. MBP-reactive T cells induced clinical signs, 
inflammation in the CSF, and multifocal areas of disruption of 
the blood-brain barrier on MRI scans. In contrast, however, to 
the active imm unizat ion model, disease severity was mild and 
demyelination was conspicuously absent in adoptive transfer 
recipients. This indicates that, in C jacchus, MBP-reactive T 
cells are capable of inducing CNS inflammation and clinical 
signs, but are not sufficient for plaque formation. In the active 
inmiunization model of EAE, early and intense macrophage 
infiltration occurs within lesions^ and these cells ^>pear to medi- 
ate the characteristic demyelination that occurs. This macro- 



Encephalitogenic Circulating Autoreactive T Cells in Healthy Primates 1343 



phage response was not noted following adoptive transfer by 
MBP-reactive T cells. It is possible that, in synergy with a T 
cell response to MBP, autoantibodies are required for demyelin- 
ation to occur in C jacchus. In addition to T cells, a corequire- 
ment for antibodies in the pathogenesis of demyelination is 
present in rabbits (34), guinea pigs (35) and rats (36, 37). It 
is also likely that, in addition to MBP, other CNS antigens are 
relevant to EAE in C. jacchus, as active immunization with 
purified human MBP in adjuvant results in a nondemyelinating 
form of EAE similar to that following adoptive transfer (C. 
Genain and S. L. Hauser, unpublished observations). 

Based upon the finding that primary immune responses to 
some antigens are not efficiently generated within the CNS, it 
has long been postulated that the nervous system is inununologi- 
cally privileged. Relative isolation of the nervous system from 
the inunune system might result in failure to tolerize T cells to 
CNS antigens, in contrast to antigens expressed in other organs 
of the body. Naturally occurring autoinunune T cells may exist 
that mediate encephalomyelitis but not disease in other organ 
systems. Alternatively, T cells capable of inducing inflanuna- 
tory disease in many different organs may be generally present 
in the circulation of primates. In contrast to humans and nonhu- 
man primates, in which naturally occurring MBP-reactive 
PBMC are present (8, 9, 12, 30-33, 38), we are unaware of 
any successful identification of MBP-reactive T cells in the 
circulation of rodents. The C jacchus marmoset is thus remark- 
able for circulating autoreactive T cells, close phylogeneic simi- 
larity to humans, and natural chimerism of bone marrow derived 
elements, all features unique to this model. These characteristics 
create an opportunity to study the regulation, traffic, and fate 
of disease-inducing T cells in normal primate homeostasis. 
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Demyelination in primate autoimmune encephalomyelitis and acute 
multiple sclerosis lesions: a case for antigen-specific antibody 
mediation. 

Raine CS , Cannella B , Hauser SL , Genain CP . 

Department of Pathology (Neuropathology), Albert Einstein College of Medicine, 
Bronx, NY 10461, USA. 

Neuropathological and ultrastructural features of central nervous system 
demyelination were compared in marmoset experimental autoinmiune 
encephalomyelitis (EAE) induced with myelin/oligodendrocyte glycoprotein 
(MOG), and in 3 cases of multiple sclerosis (MS) displaying recent lesions. At the 
edges of EAE and MS lesions, a zone of myelin vacuolation was common, 
whereas in the lesion proper, myelin sheaths were consistently transformed into 
vesiculated membranous networks. These networks became dissociated from 
axons by cell processes from macrophages. Oligodendrocytes were remarkably 
spared and evidence of myelin repair was present but not prominent. Axonal 
pathology was more common in the MS material than in marmoset EAE. 
Immunocytochemistry, using gold-labeled encephalitogenic peptides of MOG and 
silver enhancement to detect MOG autoantibodies, revealed the presence of 
MOG-specific autoantibodies over vesiculated myelin networks. Gold-labeled 
antibody to IgG also gave a positive reaction. Gold-labeled peptide of myelin 
basic protein did not react with MOG/EAE tissue, but the same conjugate gave 
positive staining in MS (and in marmoset EAE induced by whole white matter), 
perhaps indicating broader spectrum immunoreactivity or sensitization to myelin 
antigens. Thus, vesicular disruption of myelin was a constant feature in these 
evolving, highly active lesions in primate EAE and MS and appeared causally 
related to the deposition of antigen-specific autoantibodies. 
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Identification of autoantibodies associated with myelin 
damage in multiple sclerosis 



Claude P. Genain\ Barbara Cannella^ Stephen L. Hauser^ & Cedric S. Raine^ 
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The molecular mechanisms underlying myelin sheath destruction in multiple sclerosis lesions re- 
main unresolved. With immunogold-labeled peptides of myelin antigens and high-resolution mi- 
croscopy, techniques that can detect antigen-specific antibodies in situ, we have identified 
autoantibodies specific for the central nervous system myelin antigen myelin/oligodendrocyte 
glycoprotein. These autoantibodies were specifically bound to disintegrating myelin around 
axons in lesions of acute multiple sclerosis and the marmoset model of allergic encephalomyelitis. 
These findings represent direct evidence that autoantibodies against a specific myelin protein 
mediate target membrane damage in central nervous system demyelinating disease. 



Multiple sclerosis (MS) is an immune-mediated, relapsing-remit- 
ting disorder of the central nervous system (CNS) that results in 
disabling neurologic deficits in young adults. Pathologically, MS 
is characterized by perivenular white matter infiltrates compris- 
ing macrophages and mononuclear cells (inflammation), and de- 
struction of myelin sheaths that insulate nerve fibers 
(demyelination). Because of its similarities to the disease model 
experimental autoimmune encephalomyelitis (EAE), MS is gener- 
ally thought to be a disorder mediated by T cells. However, the 
autoantigens that serve as targets for the immune attack have not 
been identified, and the molecular mechanisms implicated in 
myelin damage remain uncertain^ ^ Although it is obvious that 
CNS inflammation in EAE is initiated by 'autoaggressive' T cells 
that recognize myelin antigens in the context of class 11 MHC 
molecules^ many of the models lack the early demyelinating 
component of the MS lesion. Indeed, some^ * '^ but not all* studies 
have suggested that B-cell activation and antibody responses are 
necessary for the full development of EAE, and earlier studies on 
immune-mediated demyelination using myelinated cultures of 
CNS tissue have indicated that humoral factors are effector mech- 
anisms^^ The recently developed model of EAE in the common 
marmoset {Callithrix jacchus) has a prominent, MS-like demyeli- 
nating component that requires the presence of myelin-specific 
autoantibodies^ and affords an opportunity to investigate how 
these antibodies interact with their target antigens on myelin. 
Here, we identify autoantibodies against myelin/oligodendrocyte 
glycoprotein (MOG) within acute lesions of human MS and C. 
jacchus EAE, where they seem to be directly responsible for the 
disintegration of the myelin sheaths. 

Myelin pathology in C jacchus EAE and in human MS 

CNS tissues from six C. jacchus marmosets with MOG-induced 
EAE and from three humans with MS, all with acute lesions (as 
defined by the presence of cellular infiltrates, demyelination, ax- 
onal pathology, hypertrophy of astrocytes and edema), were ex- 
amined by electron microscopy. In marmoset EAE, large 
demyelinated plaques up to several millimeters in diameter were 
disseminated throughout the CNS, always centered on venules 



and characterized by perivascular inflammation and a promi- 
nent margin along which many myelinated nerve fibers had vac- 
uolated myelin sheaths. This pattern of myelin vacuolation 
resulted from the enlargement of individual myelin sheaths be- 
cause of interlamellar splitting and swelling, with the axon dis- 
placed to one side surrounded by several layers of intact myelin 
(Fig. la). Between the lesion center and the margin was a broad 
zone of demyelination containing macrophages laden with 
myelin debris. The most prominent finding was the presence 
within the demyelinated zone of large numbers of axons sur- 
rounded by aggregates of disrupted myelin rearranged as an ex- 
panded network. These axons were displaced laterally as the 
membranous network gradually became dissociated from the 
axon and was taken up by adjacent macrophages (Fig. lb). All 
three cases of MS had acute lesions in which the pattern of de- 
myelination of fibers was structurally identical to that seen in 
marmoset EAE, with the demyelinated axon lying within a mem- 
branous network of myelin. Elsewhere in the edematous 
parenchyma, free-floating aggregates of myelin debris were com- 
mon (Fig. Ic). High-resolution analysis of the myelin networks 
in both marmoset EAE and human MS demonstrated vesicles 
surrounded by two to three layers of loosely compacted mem- 
branes with a reduced periodicity (5-6 nra) compared with that 
of intact myelin in normal tissue^^. 

MOC-specific autoantibodies and myelin vesiculation In EAE 

MOG is a quantitatively minor myelin protein (less than 0.05% 
of total myelin proteins), with an immunoglobulin (Ig)-like ex- 
tracellular domain that is expressed in abundance on the outer- 
most layer of myelin sheaths, which may render it accessible to 
antibody attack". Although autoantibodies against MOG have 
been shown to enhance demyelination in several EAE models^ ' ^ 
the detailed interactions between these antibodies and myelin 
membranes has not been investigated. To identify the sites of au- 
toantibody binding within demyelinating lesions, we did im- 
munocytochemistry on CNS tissues from MOG-immunized 
marmosets using gold-labeled anti-monkey or anti-human IgG 
antibody (both fully cross-reactive with marmoset IgG), followed 
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by silver enhancement^^ 
Positive reactivity for monkey 
and human IgG and not for 
the control goat IgG was con- 
sistently found over the vesic- 
ulated networks of disrupted 
myelin surrounding axons 
(Fig. 2a and Table). To iden- 
tify the target antigens bound 
by these immunoglobulins, 
we used immunogold-labeled 
conjugates of several myelin 
antigens and control 
polypeptides. These proteins 
or short peptides were di- 
rectly labeled with the gold 
particles on their primary 
amino residues and were used 
to detect antigen-specific au- 
toantibody in situ. Mapping 
studies have established that 
the demyelinating antibodies 
present in serum of MOG-im- 
munized marmosets exclu- 
sively recognize amino-acid 
sequences of MOG contained 
within amino acids (aa) 1-20, 
21-40 and 61-80 of this pro- 
tein (refs. 9,14 and Genain et 
al, /. NeuwimmiinoL 90, 34 
[Abstr.]). Using the immuno- 
gold technique, we found 
that these three gold-conju- 
gated peptides of MOG were 
each co-localized over the 
networks of disintegrating 
myelin sheaths in a pattern 
similar to that observed for 
gold-conjugated anti-IgG 
(Fig. 2a and c and Table). 
MOG-reactive droplets were 
also seen in surrounding 
macrophages, indicating the 
presence of internalized 
myelin debris to which anti- 
MOG antibody was bound. 
The immunogold labeling of 
myelin membranes was spe- 
cific to the gold-conjugated 
peptides MOG(aa 1-20), 
MOG(aa 1-40) and MOG(aa 
61-80), as it could be 
'quenched' by co-incubating 
the sections with the corre- 



Table Immunogold staining of CNS tissues from C jacchus marmosets with EAE and human subjects 

with MS or other neurological disorders. 



Sample (processing) 



EAE LESIONS (epoxy) 
Cases 1 & 2 
(MOC-induced) 



Case 3 

(WM-induced) 



MS 

LESIONS (Epoxy) 
Case 1 (biopsy) 



Case 2 (autopsy) 



Case 3 (autopsy) 



CONTROLS (epoxy) 
ALS (autopsy) 
Polyglucosan D2 
(autopsy) 

EAE NAWM 
(paraffin) 



Gold conjugate 
applied 

a-human IgG 
a-monkey IgC 

a-goat IgG 
MOG(aa1-20, 
21^0, or 61-80) 
MOC(aa 21-40) 
MOC(aa 101-120) 
MBP(aa 82-101) 
MSA(aa 560-574) 
histone 
a-human IgG 
a-goat IgG 
MOC(aa 21-40) 
MOG(aa 101-1 20) 
MBP(aa82-101) 
MSA(aa 560-574) 



a-human IgG 

a-goat IgG 
MOC(aa1-20, 
21-40, or 61-80 
MBP(aa 82-101) 
MSA(aa 560-574) 
a-human IgG 
a-goat IgG 
MOG(aa 21-40) 

MOG(21^0) 
MBP(aa 82-101) 
histone 
a-human IgG 
a-goat IgG 
MOC(aa 21-40) 
MOC(aa 21-40) 
MBP(aa 82-101) 
histone 



a-human IgG, 
MOG(aa21^0), or 
MBPCaa 82-101) 

a-monkey IgG 

a-Goat IgG 
MOG(aa 21-40) 
MOC(aa 21-40) 
MOG(aa 101-120) 
MSA(aa 560-574) 
histone 
a-monkey IgC 
MOC(aa 21-40) 
MOC(aa 21-40) 
MOC(aa 101-120) 
MSA(aa 560-574) 



Unconjugated 
antigen 



MOG-immune 
marmoset serum 



Staining 



MOG(aa21^0) 



MOG(aa 21-40) 



MOG(aa 21-40) 



MOG(aa21^0) 



MOC(aa 21-40) 



Comments 



vesiculated myelin 
vesiculated myelin 

vesiculated myelin 



vesiculated myelin 
vesiculated myelin 
vesiculated myelin 

vesiculated myelin 

vesiculated myelin 
vesiculated myelin 

vesiculated myelin 

vesiculated myelin 

vesiculated myelin 

vesiculated myelin 

vesiculated myelin 

vesiculated myelin 



myelin sheaths 
myelin sheaths 



myelin sheaths 
myelin sheaths 



The shaded area shows experiments in which tissue sections were pre-incubated with marmoset immune semm (containing MOC- 
specific antibodies) before application of the Immunogold conjugates. NAWM, normal appearing white matter (spinal cord) with no 
detectable perivascular inflammatory infiltrate. 



sponding unconjugated peptides (Fig. 2e and Table). 

To establish the specificity of the immunogold labeling for the 
antigenic epitopes of MOG, we did additional immunostaining 
with the gold conjugate of a peptide of MOG that was not recog- 
nized by serum antibodies from the MOG-immunized marmosets 
included in the study, MOG(aa 101-120). Neither this gold- 
conjugated, control MOG peptide nor gold conjugates of mouse 
semm albumin (MSA) aa 560-574 or histone labeled myelin 



membranes or macrophages (Fig. 2b, d and fand Table). Similarly, 
the gold conjugate of myelin basic protein (MBP) aa 82-101, an 
immunodominant epitope conserved across primate species'^'^^ 
did not stain tissues from MOG-immunized marmosets (Fig. 2b 
and Table). This was not because of the inability of the gold- 
conjugated peptide MBP(aa 82-101) to label anti-MBP antibodies 
in situ, as this peptide positively stained CNS tissues from whole 
white matter-immunized marmosets, which are known to de- 
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Fig. 1 Electron micrographs of myelin pathology in marmoset EAE and 
human MS. o, Optic nerve from an animal with acute EAE Induced by im- 
munization with 50 ^g of recombinant rat MOG in adjuvant, killed 3 days 
after onset of clinical signs. There are large intramyelinic vacuoles at the 
perimeter of a demyelinated lesion, with axons surrounded by normal- 
appearing myelin sheaths elsewhere. Original magnification, x5220. 
b, Lumbar spinal cord from the same animal as in o. An Axon (a) is sur- 
rounded by disintegrating myelin membranes. Bottom, macrophage; 
upper left, fully demyelinated axons among vesiculated myelin debris. 
Original magnification, x7500. c. Biopsy of subcortical white matter from 
an 1 8-year-old female patient with an 8 week history of neurologic signs, 
white matter hypodensity by MRI scan and a diagnosis of acute MS. Myelin 
around an axon (a) has been transformed into a vesicular network similar to 
that seen in b. Fibrous astroglial processes, naked axons and a reactive, 
ameboid microglial cell (lower left corner), can also be identified. Original 
magnification, x5850. This pattern of myelin breakdown was also a wide- 
spread feature of the autopsy cases. 

velop anti-MBP antibodies' (Table). These observations demon- 
strate in this non-human primate model of EAE that antibodies 
specific to MOG are in direct contact with disintegrating myelin 
and indicate that formation of the vesiculated membranous net- 
works resulted from lytic attack by these autoantibodies. 

MOG peptides detect autoantibodies on normal myelin 

The ability of the gold conjugates to stain normal myelin specif- 
ically was demonstrated on paraffin sections of apparently unin- 
volved spinal cord from MOG-immunized marmosets (Fig. 3 and 
Table). Gold-conjugated anti-monkey IgG, but not gold-conju- 
gated anti-goat IgG, positively stained myelin sheaths and the 
cytoplasm of oligodendrocytes (Fig. 3a and b), indicating the 
presence of marmoset IgG bound to the surface of myelinated 
fibers in these areas of normal-appearing white matter. In addi- 
tion to staining myelin sheaths, the gold-conjugated anti-mon- 
key IgG sometimes positively stained plasma cells (not shown). 
As in epoxy-embedded sections containing lesions of EAE, these 
IgG were specific for immunodominant MOG peptides, as 
shown by positive staining with the gold conjugates of the MOG 
antibody epitopes and by 'quenching' with unlabeled antigen 
(Fig. 3c and d). Furthermore, pre-incubation of tissue with sera 
from MOG-immunized marmosets accentuated the staining 
with these gold-conjugated peptides, whereas staining was nega- 
tive when using the control peptide of MOG(aa 101-120) (Fig. 3e 
and /). Normal-appearing white matter was not stained with ei- 
ther gold-conjugated histone or MSA(aa 560-574) (Fig, 3^ and h). 
In addition, normal-appearing white matter from control, unim- 
munized animals was not stained with the gold-conjugates of ei- 
ther anti-monkey IgG or MOG peptides (data not shown). These 
complementary experiments prove that autoantibodies bound 
to exposed antigens of myelin could be specifically detected in 
sitii using gold conjugates. 

MOC-speclfic autoantibodies and myelin vesiculation in MS 

We next investigated, with similar immunogold labeling, the 
presence of MOG- and MBP-specific autoantibodies in CNS tis- 
sue obtained at biopsy or autopsy from three patients with MS 
(Table). As in marmoset EAE, gold-conjugated anti-human IgG 
labeled the membranous myelin networks around scattered 
axons undergoing demyelination, along with droplets of myelin 
debris displaced throughout the parenchyma (Fig, 4a and Table). 
Plasma cells also occasionally showed positive staining by anti- 
IgG. With the immunogold-labeled myelin antigen conjugates, 
vesiculated myelin networks were intensely stained by gold-con- 




jugated MOG peptides, and to a lesser extent by gold-conjugated 
MBP, but not by MSA or histone (Fig. 4b-d and /). As with mar- 
moset EAE tissues, positive staining with the gold-conjugated 
MOG peptides could be eliminated by 'quenching' with uncon- 
jugated antigen (Fig. 4e and Table). IgG-myelin complexes la- 
beled with gold-conjugates of MOG and MBP were also present 
in macrophages but not in astrocytes or oligodendrocytes. No 
MOG- or MBP-labeled plasma cells were found. Reactivity with 
gold conjugates was not seen in normal-appearing MS white 
matter or around perivascular inflammatory cuffs. CNS tissue 
from cases of amyotrophic lateral sclerosis or polyglucosan D2, 
two other neurologic disorders associated with white matter 
damage and macrophage activity, failed to show immunogold 
reactivity with any of the conjugates (Table). These findings di- 
rectly identify MOG-specific antibodies in actively demyelinat- 
ing lesions of human MS, indicating that, as in MOG-induced 
EAE, these autoantibodies play an integral part in the formation 
of vesiculated, disrupted myelin sheaths. 

Discussion 

The structural similarities in the pattern of myelin breakdown be- 
tween C. jacchus EAE and the acute lesions of human MS described 
here are salient and indicate a common mechanism for myelin de- 
struction. This type of MS lesion represents a form seen in severe 
acute and primary progressive cases not frequently encountered at 
autopsy. Within CNS inflammatory lesions, autoantibodies seem 
to be bound predominantly to the small vesicles that characterize 
the stage of complete disintegration of the myelin membranes, 
and to the myelin debris present either in the extracellular space 
or in phagocytic cells. Similar but less extensive vesiculation of 
myelin was reported in studies of rodent EAE, in which it was per- 
ceived as a transient early phenomenon ^^ '^ However, in the mar- 
moset, in which lesion formation is protracted and 
ever-expanding, vesiculated myelin was always found. Positive 
staining of the networks with specific gold-labeled probes pro- 
vided direct evidence that IgG, and immunoglubulins with MOG- 
binding capacity, are intimately associated with vesiculated 
myelin. Here we did not attempt to co-localize immunoglubulins 
and the MOG protein itself, which would have required additional 
probes and ultrastructural analysis. However, the finding that 
both anti-IgG and MOG antigenic peptides (and not control pep- 
tides) bind to myelin networks is equally convincing in indicating 
that autoantibodies are present in these networks and that these 
antibodies are complexed with MOG. 
Although our study shows that anti-MOG antibody may be suf- 
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Fig. 2 Identification of autoantibodies within marmoset EAE lesions with 
gold-labeled conjugates. Lumbar spinal cord from the same animal dis- 
played in Figs, loand b. Original magnification, x800. a, Immunostaining 
with gold-conjugated anti-human IgC and silver enhancement. Positive re- 
activity (brown) is seen on vesiculated myelin around axons (arrows; more 
apparent around the bottom right axon), indicating the presence of IgC. 
Most normally myelinated fibers are not stained, although some fibers ap- 
pear surrounded by a faint ring of brown that is obscured by the counter- 
stain, b, Cold-conjugated peptide of MBP. Vesiculated myelin networks are 
unstained (arrows), c and e. Cold-conjugated peptide MOC(aa 21-40), 
whose sequence is conserved across species, in the absence and presence of 
unconjugated peptide, c, Positive reactivity with the labeled antigen indi- 
cates the presence of MOG-specific antibody in situ on vesiculated myelin 
around axons (arrows) and on myelin debris within the extracellular space 
and macrophages. Normal myelin (around most of the fibers) is not stained. 
e, There is no specific staining of myelin membranes in the presence of un- 
conjugated peptide, dand f Cold-conjugated peptide of MSA (d) and gold- 
conjugated histone (/) also fail to stain vesiculated myelin networks (arrows). 



ficient to produce myelin vesiculation in MOG-immunized ani- 
mals, both MOG-specific and MBP-specific immunoglobulins 
were localized within vesiculated myelin in lesions of MS and 
EAE in marmosets immunized against whole human white mat- 
ter (Table). Thus, although anti-MBP antibodies have not been 
shown experimentally to initiate demyelinating pathology^ '''" 
these autoantibodies, and possibly others, could mediate damage 
to myelin membranes through separate mechanisms such as re- 
ceptor-mediated phagocytosis by macrophages and/or presenta- 
tion of myelin autoantigens to specific T cells. Regardless of their 
respective parts in producing myelin lesions, the origin of the dif- 





ferent autoantibodies in MS tissue remains unclear. We did not 
encounter either MOG-specific or MBP-specific infiltrating B cells 
here, but such cells have been described in MS brain tissue^^'^ and 
in patients with MS, where they seem to be concentrated within 
the CNS'^ 

The large-scale vacuolation of myelin at the lesion margin 
among normally myelinated fibers occurred in the absence of sub- 
stantial local cellular infiltration or detectable IgG deposition, and 
has also been reported at the edge of active MS lesions^ This 
change in myelin structure could be mediated by soluble factors 
diffusing from the center of the demyelinating plaque or from ac- 
tivated glial cells at the edge of the lesion' ". Morphologic changes 
similar to these large vacuoles have been reported in myelinated 
CNS cultures exposed to TNF-alpha' and, to a lesser degree, in CNS 
cultures exposed to serum from animals with EAE and from sub- 
jects with MS (refs 7,8). 

It is generally accepted that most humoral immune responses 
are directed against conformational (or discontinuous) epitopes 
of proteins rather than against linear amino-acid sequences. In 
particular, preliminary data indicate that some demyelinating 
forms of EAE in rodents may be mediated by antibodies directed 
against discontinuous epitopes of MOG (U. Brehm et al, /. 
NeuroimmunoL 90, 33 [Abstr.]). The precise definition of antibody 
epitopes of myelin proteins, and especially MOG, in primates is 



Fig. 3 Staining of normal-appearing white matter with gold-labeled con- 
jugates. Longitudinal sections of paraffin-embedded spinal cord devoid of 
inflammatory infiltrates, obtained from a MOC-immunized marmoset, were 
stained with immunogold and counterstained with hematoxylin. Original 
magnification, x625. a and d. Specific staining with gold-conjugated anti- 
monkey IgC is seen on the surface of intact myelin sheaths (outlined by as- 
terisks) around axons (a), and on oligodendrocytes (ol). No staining Is 
detected with gold-conjugated anti-goat IgC (b). c and d, Moderate stain- 
ing of myelin sheaths (asterisks) with the gold conjugate of MOC(aa 21-40) 
(c); staining is totally 'quenched' by pre-incubation with unlabeled MOC(aa 
21^0) (cO. e-h, Sections pre-incubated with MOC-immune marmoset 
serum were stained with the Immunogold conjugates. Intense staining is 
visible with gold-conjugated MOG(aa 21-40) (e), but not with gold-conju- 
gates of MOC(aa 1 01-1 20) (/), histone (g) or MSA(aa 560-574) {h). 



NATURE MEDICINE • VOLUMES • NUMBER 2 • FEBRUARY 1999 



173 



• « 

ARTICLES 



fl^ © 1999 Nature America Inc. • http://medlcine.nature.com 



Fig. 4 Identification of autoantibodies within MS brain tissue from 
the subject in Fig. Ic. Original magnification, x800, a, Gold-conju- 
gated anti-lgC. IgC is localized along the disintegrated myelin sheath 
of an axon (arrow) cut in longitudinal section, as, cytoplasm of an hy- 
pertrophic astrocyte; ol, tangential section of an oligodendrocyte. 
Densely stained IgC-coated myelin debris is visible in the 
parenchyma and, above, in three macrophages (probably ameboid 
microglia), b, Serial section to that in o, after immunoreactive label- 
ing with a gold-conjugated peptide of MBP. The same nerve fiber is 
seen in longitudinal section to demonstrate immunopositivity, albeit 
less overall than that seen with the MOG conjugate in c. Another 
axon, totally demyelinated, is above the MBP-positive fiber, as, astro- 
cyte; ol, oligodendrocyte. The macrophages (above) and scattered 
myelin debris also show immunopositivity. c, A section adjacent to 
that in o, reacted with gold-conjugated MOG(aa 21-40). Positively- 
labeled rings of vesiculated myelin around two axons (arrows) cut in 
cross-section are seen, the center one showing axonal degeneration. 
Macrophages contain myelin debris and some MOG-positive mater- 
ial, (as), hypertrophic astrocyte, e, 'Quenching' is achieved with co- 
incubation of tissue with unconjugated peptide MOG(aa 21-40). 
d and f, Negative staining was obtained with the gold-conjugated 
peptide of MSA {d) and gold-conjugated histone (/)■ 



now being investigated. Nonetheless, mapping of antibody 
responses has been successfully achieved using panels of 
linear peptides", and perhaps more importantly, demyeli- 
nating forms of EAE can be produced by immunization of 
animals with short peptidic sequences of MOG, both in ro- 
dents^^'^^ and in marmosets (C.G., unpublished observations). 
Our results show unequivocally that specific autoantibodies 
bound to myelin can be successfully identified using gold-conju- 
gated peptide antigens (Fig. 3). 

Recent work on human MS has emphasized that diverse mech- 
anisms contributing to myelin destruction may result in different 
forms of MS and heterogeneity of pathology^'. Here we focused 
on antibody-mediated demyelination, and therefore on cases of 
MS in which the acute lesions were associated with immunoglob- 
ulin deposition. Whether this type of lesion represents a particu- 
lar stage of MS lesions or a separate subtype in severe forms of MS 
will require additional studies. As for immunoglobulin-associated 
forms of CNS autoimmune demyelination, we propose the fol- 
lowing sequence of events as a mechanism leading to myelin de- 
struction. First; myeUn vacuolation is caused by soluble 
mediators (cytokines, antibodies, free radicals) and/or cellular cy- 
totoxic! ty''\ A pattern of intramyelinic edema similar to this has 
been observed in MS and in vitro. Similar patterns of myelin vac- 
uolation have been described in the CNS of rats intoxicated with 
tri-ethyl tin sulfate^**; these changes were reversible. Next, vacuo- 
lated myelin is transformed into networks of small vesicles sepa- 
rated by two to three layers of altered myelin with reduced 
periodicity (5-6 nm). This salient transformation is associated 
with the deposition of MOG-specific IgG and seems to reflect an- 
tibody-mediated damage, possibly because of complement acti- 
vation, or antibody-dependent cytotoxicity^"^ mediated by 
macrophages that are invariably associated with vesicular myelin 
disruption. The initial vacuolar lesion may render the myelin 
membranes accessible to attack by autoantibodies. Finally, 
macrophages are activated, leading to receptor-mediated phago- 
cytosis of the vesiculated myelin debris. This mechanism has 
been demonstrated in MS and in EAE'^", with IgG serving as a lig- 
and between the myelin debris and Fc receptors in clathrin- 
coated pits on the macrophage surface^\ This stage of lesion 
pathogenesis, although antibody-mediated, may be independent 




of antibody specificity. 

Many of the therapeutic approaches targeting pathogenic T- 
cell responses in EAE models have not yet translated into success- 
ful treatments for human MS, perhaps indicating that other 
components of the immune system need to be considered. B-cell 
responses seem to be an essential factor for the severity of clinical 
disease and pathology in C, jacchus EAE (ref. 14). Although anti- 
body-independent mechanisms of autoimmune demyelination 
exist, our study highlights the potential role of autoantibodies in 
the widespread destruction of myelin in acute lesions of MS, and 
emphasizes that in diseases that are initiated by T-cell responses, 
antibodies against essential antigens of the target organ may be 
required for the development of irreversible tissue damage. 

Methods 

Materials. Marmoset CNS tissue was obtained from six animals with MOG- 
induced demyelinating EAE (refs. 9,14) killed by intracardiac perfusion 
while sedated by anesthesia, 24-93 days after immunization. Marmosets 
used for these studies were cared for in full compliance with institutional 
guidelines. Human CNS tissues were obtained from three subjects with MS, 
by biopsy or autopsy (8 weeks, 1 1 years and 1 7 years after diagnosis). All tis- 
sues studied showed acute lesions as defined by the presence of inflamma- 
tory infiltrates, ongoing demyelination, macrophages containing 
recognizable myelin debris, hypertrophic astrocytes, axonal pathology, hy- 
perplasia and edema. Several 'fulminant', intensely demyelinating lesions 
were available for study from the last two cases. 

Electron microscopy. CNS tissue was fixed by perfusion (EAE) or immer- 
sion (MS) with 2.5% glutaraldehyde in PO4 buffer followed by 1 % osmic 
acid, dehydration, and embedding in epoxy resin. Sections were contrasted 
with lead and uranium salts. 

Immunogold labeling. Ultrathin sections of frozen or fixed tissues were 
used for immunogold labeling. To locate IgG, gold-labeled anti-human 
IgG and control, gold-labeled anti-goat IgG were used (Nanoprobes, 
Stony Brook, New York). Gold-conjugated anti-monkey IgG was synthe- 
sized by coupling anti-monkey IgC (Sigma) with nanogold particles 
(Nanoprobes, Stony Brook, New York). To characterize the antigen speci- 
ficities of IgG, peptides of MOG, MBP and MSA, and purified 21 .5-kDa his- 
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tone (Sigma) were labeled with nanogold particles on their free amino rad- 
icals. Peptides were synthesized using the 9-fluorenylmethyloxycarbonyl 
(Fmoc) N-terminus protecting group for solid phase peptide synthesis and 
purified (>95%) by HPLC (Research Genetics, Huntsville, Alabama): 
MOC(aa 1-20), GQFRVICPRHPIRALVGDEV; MOG(aa 21-40), 
ELPCRISPGKNATCMEVGWY; MOC(aa 61-80), QAPEYRCRTELLKDAICECK; 
MOG(aa 101-120), RDHSYQEEAAMELKVEFPFY; MBP(aa 82-101), QDEN- 
PWHFFKNIVTPRTPP; and MSA(aa 560-574), KPKATAEQLKTVMDD. The 
peptides of MOG were synthesized according to the deduced amino acid 
sequences of human MOG (ref. 35), which are fully reactive with serum 
antibodies from MOG-immunized marmosets with the exception of 
MOG(aa 101-120). All gold conjugates were synthesized using mono- 
sulfo-N-hydroxy-succinimide-Nanogold labeling reagent (particle diame- 
ter, 1.4 nm) according to the manufacturer's instruction (Nanoprobes, 
Stony Brook, New York). Gold-conjugated IgG and histone were purified 
by size exclusion chromatography on PDX CI 00/50 (Sigma), and gold- 
conjugated peptides were extensively dialyzed before use to remove unre- 
acted peptide. 

Immunoreactivity was detected in standardized assays using epoxy sec- 
tions 1 ^m in thickness. Sections were etched with sodium ethoxide, hy- 
drated, equilibrated in PBS buffer containing 0.05% Triton-XlOO, and 
blocked in 10% normal rabbit serum. Sections were then incubated with 
immunogold conjugates (30 pmol/ml in buffer) for 2 h at room tempera- 
ture. After washing, staining was detected with Ll-Silver enhancement 
(Nanoprobes, Stony Brook, New York). Sections were counterstained with 
toluidlne blue. 'Quenching' was achieved using unconjugated peptides at 
concentrations of 4-40 nmol/ml. For paraffin sections, sections of normal- 
appearing white matter 10 ^m in thickness from the spinal cord of MOG- 
immunized animals were autoclaved for 15 min, deparaffinized and 
rehydrated in alcohol/HzO, then PBS. Sections were blocked with 1 0% 
normal rabbit serum, and gold conjugates were applied at the same con- 
centrations as above. For those experiments with pre-incubation with 
MOG-immune marmoset serum, sera were added at a dilution of 1:100. 
Sections were counterstained with hematoxylin. 
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TNF neutralization in MS 

Results of a randomized, placebo-controlled multicenter study 

The Lenercept Multiple Sclerosis Study Group and The University of British 
Columbia MS/MRI Analysis Group* 
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OBJECTIVE: A double-blind, placebo-controlled phase n study was conducted in 168 
patients, most with relapsing-remittingMS, to evaluate whether lenercept would reduce 
new lesions on MRL 

BACKGROUND: Tumor necrosis factor (TNF) has been implicated in MS pathogenesis, 
has been identified in active MS lesions, is toxic to oligodendrocytes in vitro, and 
worsens the severity of experimental allergic encephalomyelitis (EAE) in animals. 
Lenercept, a recombinant TNF receptor p55 inmiunoglobulin fusion protein (sTNFR-IgG 
p55), protects against EAE. 

METHODS: Patients received 10, 50, or 100 mg of lenercept or placebo IV every 4 
weeks for up to 48 weeks. MRI scans and clinical evaluations were performed at 
screening, at baseline, and then every 4 weeks (immediately before dosing) through study 
week 24. 

RESULTS: There were no significant differences between groups on any MRI study 
measure, but the number of lenercept-treated patients experiencing exacerbations was 
significantly increased compared with patients receiving placebo {p = 0.007) and their 
exacerbations occurred earlier {p = 0.006). Neurologic deficits tended to be more severe 
in the lenercept treatment groups, although this did not affect Expanded Disability Status 
Scale scores. Anti-lenercept antibodies were present in a substantial number of treated 
patients; serum lenercept trough concentrations were detectable in only a third. Adverse 
events that increased in frequency in treated patients included headache, nausea, 
abdominal pain, and hot flushes. 

CONCLUSIONS: Lenercept failed to be beneficial, but insight into the role of TNF in 
MS exacerbations was gained. 
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Brief Communications 

Onset of multiple sclerosis associated with anti-TNF 
therapy 

Nancy L. Sicotte, MD and Rhonda R. Voskuhl, MD 
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UCLA School of Medicine, Los Angeles, CA. 
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Therapies aimed at inhibiting tumor necrosis factor (TNF), a proinflammatory cytokine 
implicated in autoimmune disease are effective, especially for rheumatoid arthritis. We 
report a patient with new onset MS closely associated with the initiation of anti-TNF 
therapy for juvenile rheumatoid arthritis. It is possible that the inhibition of TNF triggered 
MS in this individual. 
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The expression of neural regulatory molecules by immune cells that infiltrate the nervous 
system upon injury may be a mechanism for cross-regulation between the nervous system 
and the immune system. Several lines of evidence implicate nerve growth factor (NGF) sig- 
naling through its receptors (TrkA and p75^^'''^ as a potential source of communication 
between the two systems. We observed changes in NGF mRNA expression and protein 
secretion by T lymphocytes polarized toward the Th2 phenotype. The presence of NGF did 
not affect T cell proliferation or cytokine production in vitro. Mice treated with NGF by i.p. 
injection following induction of experimental autoimmune encephalomyelitis, an inflamma- 
tory, demyelinating disease of the central nervous system, showed a delayed onset of dis- 
ease and lower clinical scores during the course of disease. These data suggest a role for 
NGF signaling in the regulation of the immune response, possibly by enhancing sympathetic 
innervation of lymphoid tissues. 
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1 Introduction 

In recent years, it has become increasingly clear that the 
physiological systems of organisms are intricately con- 
nected. In particular, research has demonstrated a bidi- 
rectional link between the immune system and the ner- 
vous system. The immune response is subject to modu- 
lation by the nervous system, with substantial regulation 
governed by the sympathetic nervous system. Sympa- 
thetic nerve fibers innervate both primary and secondary 
lymphoid organs and appear to influence the activity of 
resident immune cells, partially through the release of 
catecholamine neurotransmitters [1-3]. In return, the 
function of the nervous system is also subject to modu- 
lation by the immune system, particularly In cases of 
injury or disease of the nervous system. A variety of func- 
tional cytokine receptors have been identified on cells of 
the central nervous system (CNS), as well as on periph- 
eral sympathetic nerves and ganglia [4]. In fact, the cyto- 
kine IL-4 was shown to increase nerve growth factor 
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Abbreviations: MBP: Myelin basic protein NGF: Nerve 
growth factor CNS: Central nervous system MS: Multiple 
sclerosis RT: Reverse transcription 
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(NGF) expression and affect cell activity when applied to 
astrocytes in culture [5]. Our laboratory has recently 
shown that IL-4 expression occurs in the developing 
CNS [6]. In addition, immune cells infiltrating the nervous 
system following damage express classic regulatory 
molecules of the nervous system, including NGF, its 
receptors, p75'^^^'' and tyrosine receptor kinase A (TrkA), 
and adrenergic receptors [7-10]. 

NGF is a trophic molecule originally identified and char- 
acterized by its functions in the nervous system. NGF is 
capable of promoting the survival, growth and differenti- 
ation of peripheral sympathetic and neural crest-derived 
sensory neurons and is trophic for certain populations of 
CNS neurons [11]. In addition, it is essential for the repair 
of some axons following injury [12]. Two receptors for 
NGF have been identified: p75^^''^ the low-afnnity 
receptor which bears homology to the TNF superfamily 
of cytokine receptors, and TrkA, the high-affinity tyrosine 
kinase receptor which alone or in concert with p75^°'''' 
can result in NGF signaling [13, 14]. 

NGF signaling has been implicated in the regulation of 
the immune response. Activated immune cells express 
NGF and this expression is functionally regulated [7, 8]. 
Furthermore, TrkA is expressed on and functions to 
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modulate the activity of immune cells in response to NGF 
[15-17). In fact, Torcia et al. [17] reported that NGF sig- 
naling via TrkA serves as an autocrine survival factor for 
memory B cells. NGF was identified in the inflamed lungs 
of mice with allergic bronchial asthma [18]. NGF was 
reported to augment the Th2 response in this disease 
model, affecting both cytokine and Ig production. Other 
researchers reported elevated levels of NGF in patients 
with several different inflammatory diseases, including 
SLE, rheumatoid arthritis and multiple sclerosis (MS) 
[19-21]. Notably, in the cerebrospinal fluid of MS 
patients, levels of NGF are particularly increased during 
exacerbations [22]. 

EAE, a demyelinating disease that parallels MS in several 
ways, has been a useful tool for studying factors that 
influence autoimmune demyelination. EAE is a CD4' T 
cell-mediated attack of the myelin associated with neu- 
rons of the CNS. The ensuing disease is characterized by 
inflammation, demyelination and, in some cases, a 
relapsing/remitting course, features often associated 
with MS. As in MS, increased levels of NGF have been 
observed in inflammatory lesions in the brain of EAE- 
affiicted rats [23]. The strong correlation between inflam- 
matory episodes of disease and increased levels of NGF 
production suggests that NGF might affect the patho- 
genesis of immune-mediated demyelination during the 
course of EAE. and possibly MS. 

To explore the role of NGF during the pathogenesis of 
EAE, we examined the gene expression and protein 
secretion of NGF by myelin antigen-specific lympho- 
cytes activated in vitro under various conditions. We also 
examined the effect of NGF on T cell proliferation and 
cytokine production in vitro as well as the effect of 
administration of exogenous NGF on the clinical out- 
come of EAE induced by either adoptive transfer of 
encephalitogenic T cells or by active immunization with 
myelin antigen in adjuvant. These studies suggest a role 
for immune-mediated NGF signaling during the patho- 
genesis of EAE. 

2 Results 

2.1 NGF mRNA is expressed by lymphocytes and 
regulated by IL-4 

To determine whether infiltrating lymphocytes might be 
contributing to the increased NGF mRNA production in 
inflammatory reactions of the CNS, we examined the 
capacity of lymphocytes to produce NGF mRNA in vitro. 
In our initial experiments, lympocytes were isolated from 
the lymph nodes, thymus and spleen of transgenic mice 
carrying T cells expressing the myelin basic protein 
(MBP)-specific Va2.3, Vp8.2 TOR. Eighteen hours after 
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Fig. 1. Gene expression of NGF in lymphocytes from Va2.3; 
Vp8.2 TCR-transgenic mice following in vitro antigen stimu- 
lation. Mesenteric lymph node cells, thymocytes and spie- 
nocytes were harvested from naive mice transgenic for T 
cells expressing the Va2.3; Vp8.2 TCR and cultured with the 
MBP Ac1-11 peptide, the antigen recognized by the Va2.3; 
Vp8.2 TCR. A subset of spienocytes were cultured with the 
Ac1-11 peptide and IL-4 (Spienocytes + IL-4). After 18 h in 
culture, total RNA was analyzed by RT-PCR for expression 
of IL-2, NGF or TrkA, as indicated. Results are expressed as 
relative gene expression normalized to the expression of the 
housekeeping gene HPRT Baseline values for spienocytes 
at time 0 were 1 .1 for NGF, 0.87 for Trk A and 0.2 for IL-2. 
Results are representative of three separate experiments. 

stimulation with the Ac1-11 peptide of MBP, cells were 
collected for the measurement of relative gene expres- 
sion by reverse transcription (RT)-PCR. Lymphocytes 
from each of the peripheral lymphoid organs produced 
detectable levels of NGF mRNA (Fig. 1). We chose to 
examine the effects of IL-4 on the regulation of NGF 
gene expression in lymphoid tissue since it was known 
to increase NGF expression in cultured astrocytes. As 
observed in astrocytes, antigen-stimulated spienocytes 
activated with MBP Ac-1-11 in culture increased the 
expression of NGF mRNA significantly in the presence of 
IL-4 (Fig. 1). 

To further examine the regulation of NGF gene expres- 
sion by IL-4, lymphocytes were harvested from the 
lymph nodes of Va2.3, Vp8.2 TCR-transgenic mice. 
These cells were cultured without antigen, with antigen 
alone, or with antigen and IL-4. Activated lymphocytes 
were collected for measurement of relative gene expres- 
sion by RT-PCR after 6, 18 and 30 h in culture. Eighteen 
hours after antigen stimulation, NGF mRNA production 
was only slightly increased in lymphocytes cultured in 
the absence of antigen or with antigen alone, but was 
notably increased in the lymphocytes cultured with anti- 
gen and IL-4 (Fig. 2). 

2.2 NGF protein is expressed by lymphocytes 
and regulated by IL-4 

To determine if the increase in NGF mRNA expression 
results in an increase in NGF protein secretion, we cul- 
tured lymphocytes from transgenic mice with T cells 
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Fig. 2. Increased gene expression of NGF in lymphocytes 
from Va2.3; Vp8.2 TCR-transgenic mice following /n vitro 
antigen stimulation in the presence of IL-4. Lymph node 
cells were harvested from naive mice transgenic for T cells 
expressing the Va2.3; \/p8.2 TCR and cultured under differ- 
ent conditions. The cells were cultured in media along (No 
Ag), with the MBP Acl -1 1 peptide (Acl -1 1 ), or with the Acl - 
n peptide and IL-4 (Acl -11 + IL-4). After 6, 18 and 30 h in 
culture, total RNA was analyzed by RT-PCR for expression 
of NGF or IFN-Y, as indicated. Results are expressed as rela- 
tive gene expression normalized to the expression of the 
housekeeping gene HPRT. Results are representative of 
three separate experiments. 



expressing MBP-specific Va2.3, Vp8,2 TCR in the 
absence of antigen, the presence of antigen, and the 
presence of antigen and IL-4. When stimulating naive 
MBP-specific, TCR-transgenIc T cells, NGF levels were 
consistently undetectable prior to 24 h of culture (data 
not shown). After 72 and 96 h, cell-free supernatants 
were removed and analyzed for NGF content. As shown 
in Fig. 3, antigen stimulation alone increased the level of 
NGF protein in the media nearly fourfold, but this 
increase was enhanced to nearly tenfold by the presence 
of both antigen and IL-4. 



2.3 NGF protein is expressed by Th2 lymphocytes 

To further explore the production of NGF during an 
immune response, we examined lymphocytes from 
\/p8.2 TCR-tansgenic mice following either antigen prim- 
ing or i. p. tolerance induction. Following s. c. administra- 
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fig. 3. Induction of NGF secretion by lymphocytes from 
Va2.3; Vp8.2 TCR-transgenic mice following in vitro antigen 
stimulation in the presence of IL-4. Lymph node cells were 
harvested from naive mice transgenic for T cells expressing 
the \/a2.3; \/p8.2 TCR and cultured under different condi- 
tions. The cells were cultured in media alone (No Ag), with 
the MBP Acl -11 peptide (Acl -11). or with the Acl -11 pep- 
tide and IL-4 (Acl -11 + IL-4). After 72 and 96 h in culture, 
cell-free supernatants were collected and NGF secretion 
was measured by ELISA. At 96 h, cells cultured without anti- 
gen expressed only 26.3 ± 1 .5 pg/ml of NGF, whereas cells 
stimulated with Acl -11 expressed 93.9 ± 0,8 pg/ml and 
Acl -11 + IL-4 stimulated cells expressed 249.2 ± 34.3 pg/ 
ml of NGF Results from triplicate wells are shown. Results 
are representative of three separate experiments. 



tion of MBPAc1-11/IFA, the splenocyte production of 
IFN-Y at 96 h (Fig. 4) indicated these cells had been 
primed to this antigen [24]. Following i. p. administration 
of antigen, splenocytes produced IL-4 at both 24 and 
48 h of stimulation, indicating that i. p. antigen adminis- 
tration had resulted in a Th2-like response. The addition 
of anti-CTLA-4 antibody has previously been shown by 
our group to potentiate a Th2-like response when given 
at the time of i.p. antigen administration [24]. As illus- 
trated in Fig. 4, both naive cells and antigen-primed cells 
produce high levels of IFN-y after 96 h, but relatively little 
IL-4 or NGF In contrast, splenocytes from mice receiving 
i. p. antigen produce significant levels of IL-4 and NGF at 
24 and 48 h, but relatively little IFN-y. following in vitro 
stimulation with antigen. Splenocytes from mice receiv- 
ing i. p. antigen continued to produce increased amounts 
of NGF at 96 h after antigenic stimulation in vitro. These 
data suggest that NGF production occurs in response to 
Th2-associated stimuli. 



2.4 NGF does not affect T cell proliferation and 
cytokine production in vitro 

We next examined whether NGF had an effect on T cell 
proliferation and cytokine secretion. T cells from Va2.3. 
\/p8.2 TCR-transgenic mice were cultured with 2 ng/ml 
MBP Acl -11 and varying concentrations of NGF 
(0.01-100 ng/ml). As shown in Fig. 5, addition of NGF 
did not affect T cell proliferation. We next examined 
whether the presence of NGF in vitro affected the cyto- 



628 LaChelle R. Arredondo et al. 



Eur. J. Immunol. 2001 . 37; 625-633 



^1500 
■^1000- 
Z 500 



_100 
Z 26 



^400 
1 300 
^200 



(3 



100 



□ Naive 
(HP rimed 
■Tolerized 

MToIerized + anti-CTLA-4 



24 



AS 

Hours in Culture 



ILmiI 




Jim 



24 



48 

Hours in Culture 



It 



t 



24 



48 

Hours in Culture 



96 



0.01 0.1 1 10 100 

ng/ml NGF * 
AC 1-11 2\igfm\ 

Fig, 5. The presence of NGF does not affect T cell prolifera- 
tion. Vp8.2, Va2.3 TCR-transgenic T cells specific for MBP 
Ac1-11 were cultured in vitro with 2 fig/ml MBP Acl-11 and 
various concentrations of NGF (0.01-100 ng/ml). Prolifera- 
tion was measured by ^H-labeled thymidine incorporation 
assay. SEM are shown from quadruplicate cultures. 



presence of NGF and subsequently transferred into 
naive recipients, the presence of NGF did not affect the 
ability of the T cells to transfer EAE fTable 1). These data 
suggest that NGF alone did not have significant effects 
on T cell responses in vitro. 



2.5 NGF treatment ameliorates EAE in mice 

Next, we determined whether administration of exoge- 
nous NGF would affect the pathogenesis of EAE. We 
chose to induce EAE in mice transgenic for T cells 



Fig, 4. Regulation of NGF secretion by lymphocytes from 
VP8.2 TCR-transgenic mice following in vivo antigen admin- 
istration. Splenocytes were harvested from mice transgenic 
for T cells expressing Vp8.2 TCR 1 0 days after the mice were 
unmanipulated (naive), primed via a low dose s.c. injection 
of MBP Acl-11 peptide in IFA, tolerized via a high dose i.p. 
injection of Acl-11 peptide in IFA, or tolerized via a high 
dose i. p. injection of Acl -1 1 peptide in IFA with concomitant 
i.p. injection of anti-CTLA-4 antibody. The cells were cul- 
tured in media with MBP and cell-free supernatants were 
collected after 24, 48 and 96 h in culture. NGF, lL-4 and 
IFN-Y secretion was measured by ELISA. Results from dupli- 
cate wells are shown. Results are representative of two sep- 
arate experiments. 



kine secretion of these MBP Acl -11 -specific T cells. 
Supernatants were harvested 24, 48 and 72 h after stim- 
ulation of MBP-specific T cells in the presence of 1 0 and 
1 00 ng/ml NGF and examined for the production of IL-4, 
IL-10 and IFN-y. Significant levels of IL-4 were not 
detected. As shown in Fig. 6, no differences in IFN-y and 
IL-10 production were noted, suggesting that the levels 
of NGF produced by the T cells themselves did not dra- 
matically affect the T cell cytokine secretion phenotype 
in vitro. In addition, when T cells were activated in the 
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Fig. 6. The presence of NGF does not affect T cell cytokine 
secretion. Vp8.2, \/a2.3 TCR-transgenic T cells specific for 
MBP Acl-11 were cultured in vitro with 2 [ig/ml MBP Acl- 
11 and 10 and 100 ng/ml NGF Supernatants were taken at 
24, 48 and 72 h and frozen at -20°C. IL-10 and IFN-y pro- 
duction was determined by ELISA. 
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Table 1. Adoptive transfer of EAE with lymphocytes 
activated in the presence of NGF^* 



Activating condition 


Incidence 


Maximal scores 


Ad -11 


5/10 


2,2,2,2,1 


Ad -11 + NGF 10 ng/ml 


4/10 


2,2,2,2 


Ad -11 + NGF 100 ng/ml 


6/10 


3,2,2,2,2,2 



a) Splenocytes from Vp8.2, Va2.3 TCR-transgenic mice 
were activated in vitro with 2 ng/ml MBP Ad -11 for 4 
days in the absence or presence of NGF as noted in the 
table. Activated lymphocytes were transferred into naive, 
wild-type B10.PL recipients and monitored 45 days for 
the development of clinical signs of disease. Incidence of 
EAE and maximal disease scores for individual mice are 
shown. 



expressing the \/p8.2 ICR by direct s. c. immunization 
with the Ac1-11 peptide of MBP in CPA because no 
additional manipulations, such as pertussis toxin injec- 
tion, are necessary for disease induction [24], Adminis- 
tration of NGF i. p. was initiated on day 1 post immuniza- 
tion and continued on alternate days for 2 weeks. As 
shown in Fig. 7, animals receiving NGF experienced 
delayed onset (control 1 0 ± 2.6 versus NGF 1 2.5 ± 2, p = 
0.0065) and decreased severity of disease (p < 0.001 by 
Mann-Whitney Sum of Ranks). The mean maximal clini- 
cal score was 3.8 ± 1 .3 in the control mice and 2.8 ±1.7 
in the NGF-treated mice, which was not statistically sig- 
nificant. 
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Fig. 7. NGF treatment of mice following induction of EAE by 
active immunization with the Ad -1 1 peptide of MBR Naive 
female mice transgenic for T cells expressing the Vp8.2 TCR 
were immunized with the MBP Ad -11 peptide in CFA at 
day 0. NGF (25 ng) in 0.1 ml saline or 0.1 ml saline alone was 
injected i.p. on alternating days for 2 weeks beginning on 
day 1 . Mice were monitored daily for clinical disease by a 
blinded observer. Shown are mean clinical scores (n = 5 for 
each group; p< 0.001 by Mann-Whitney Sum of Ranks). 




Days Post Transfer 

Fig. 8. NGF treatment of mice following induction of EAE by 
adoptive transfer of encephalitogenic T lymphocytes. Lym- 
phocytes from (PLxSJL) F1 female mice previously immu- 
nized with MBP in CFA were activated in vitro with MBR then 
transferred into naive (PLxSJL) F1 female mice at day 0. 
NGF (25 ng) in 0.1 ml saline or 0.1 ml saline alone was 
injected i.p. on alternating days for 2 weeks beginning on 
day - 1 . Mice were monitored daily for clinical disease by a 
blinded observer. Shown are survival curves for treated (■) 
and placebo (A) groups (n = 20 for each group; p < 0.0001 
by r-test). 



To further examine whether administration of exogenous 
NGF would affect the pathogenesis of EAE, we used the 
adoptive transfer model in (PLxSJL)FI mice. The admin- 
istration I. p. of NGF was initiated the day before transfer 
and continued on alternate days for 2 weeks. Onset of 
disease was mildly delayed in the NGF-treated mice 
(control onset on day 9.2 ± 1 .4 versus NGF on day 1 0.6 ± 
1.9, p = 0.0002). In this set of experiments, clinical dis- 
ease was unusually severe (mean maximal score in NGF- 
treated mice 3.85 ± 1.3 versus 5.1 ± 1.4 in the control 
mice, p = 0.0114). As shown in Fig. 8, of the 20 mice 
receiving NGF, only three died of severe EAE, while of the 
20 mice receiving the saline placebo, 12 died of severe 
EAE. NGF administration significantly enhanced survival 
in this model of EAE. 



3 Discussion 

We have shown that immune cells have the capacity to 
express NGF and that NGF expression is increased in 
response to IL-4. It has been shown previously that dif- 
ferentiated CD4" T cells clones (both Thi and Thz 
expressed NGF [7, 8, 15]. In our studies, naive T cells 
stimulated with antigen in the presence of IL-4 
expressed significantly higher levels of NGF mRNA and 
protein than T cells stimulated with antigen alone. In 
addition, lymphocytes isolated from primed or tolerized 
transgenic mice produced significant amounts of NGF 
that correlated with the production of the Th2 cytokine 
IL-4, but not the Thi cytokine IFN-y. These data suggest 
that CD4" T cells are likely to produce NGF in response 
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to the presence of IL-4 at the time of antigen challenge 
in vivo. 

Interestingly, NGF does not appear to have a dramatic 
effect on T cell proliferative responses or cytokine secre- 
tion in vitro (Figs. 5 and 6). However, administration of 
NGF in vivo did appear to have a significant effect on the 
clinical signs of EAE, suggesting that NGF may be acting 
through an intermediary, such as the sympathetic ner- 
vous system, to modulate an immune response. 

Previously, Micera et al. [23] demonstrated that NGF pro- 
duction was increased in the CNS of rats with EAE. NGF 
may be produced in the CNS during EAE pathogenesis 
for Its neuronal repair function; however, it is also possi- 
ble that NGF performs an immunomodulatory function 
as well. Two recent reports have shown that NGF can 
reduce the antigen presenting capacity of microglial cells 
in vitro, thereby providing a possible mechanism by 
which NGF production in the CNS during EAE pathogen- 
esis promotes immunomodulation [25, 26]. In an 
inflamed CNS, NGF-mediated down-regulation of MHC 
class II expression on microglia would reduce their 
capacity to present antigen to infiltrating T cells. 

In another recent paper by Braun et al. [18], NGF was 
identified as an important mediator in an allergic airway 
inflammation model in mice. These studies demon- 
strated that NGF augmented the production of Th2- 
associated factors associated with this disease, but not 
the Thi -associated factors. The increase in gene expres- 
sion of NGF and TrkA observed in the spinal cord during 
the pathogenesis of EAE may lead to increased NGF sig- 
naling through TrkA as an attempt to augment a Th2 
response and quench the ongoing Thi response. One 
could hypothesize that NGF contributes to the remission 
phase of disease by tipping the balance of Th cells in the 
CNS toward the Th2 phenotype and away from the Thi 
phenotype. 

If NGF is capable of performing an immunoregulatory 
function during the course of inflammation in the CNS, it 
could be used to treat injury and inflammation of the ner- 
vous system. Kramer and colleagues previously reported 
that NGF significantly diminished the pathology associ- 
ated with experimental autoimmune neuritis, a CD4* T 
cell-mediated attack of the peripheral nervous system 
[27]. In addition, the administration of exogenous NGF 
intracerebrally reduced the clinical signs and neurologi- 
cal symptoms of EAE in a marmoset model [28]. In this 
study the authors also suggest that NGF shifts the cyto- 
kine response in the CNS from a predominantly Thi 
response to a Th2 response. Interestingly, the authors 
did not note a decrease in the proliferative response of 
myelin oligodendrocyte glycoprotein-specific lympho- 
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cytes, which is consistent with our findings (Fig. 5). Fur- 
thermore, in the Lewis rat model of EAE, elimination of 
endogenous NGF using a neutralizing anti-NGF antibody 
resulted in exacerbation of both the clinical and neuro- 
pathological signs of EAE [29]. 

Here we report that the administration of exogenous NGF 
ameliorates the clinical severity of EAE. A number of pos- 
sible mechansims are available to explain this effect. 
Because the administration of NGF occurred before the 
induction of disease and the breakdown of the blood- 
brain barrier, it is likely that NGF was acting to modulate 
immune function in the peripheral lymphoid system. 

NGF may affect the antigen presentation capability of 
macrophages or other APC in the lymphoid tissue. Our 
results showing that NGF did not affect T lymphocyte pro- 
liferation would argue against this being a prominent 
mechanism (Fig. 5). Furthermore, it is also possible that 
NGF may exert its effects by altering the Th cell pheno- 
type in the periphery rather than in the CNS. NGF admin- 
istration during EAE induction might cause a shift in polar- 
ity away from a Thi response toward a Th2 response in 
the peripheral lymphoid organs, thereby ameliorating dis- 
ease pathogenesis. Similarly our data suggest that NGF 
is more likely a product of Th2 cells than Thi cells. 

Similar effects have been observed in studies targeting 
the role of the sympathetic nervous system on immune 
function. Alterations in adrenergic signaling in lymphoid 
tissue disrupts normal immune function [30-35]. Chemi- 
cal sympathectomy of lymphoid tissue, which effectively 
removes adrenergic signaling in the tissue, causes exac- 
erbation of EAE in rats [30, 31]. In addition, treatment 
with p-adrenergic receptor agonists, which mimics sym- 
pathetic activity by signaling through adrenergic recep- 
tors, actually suppresses both the clinical and histologi- 
cal signs of EAE in rats [32-34]. One possible mecha- 
nism by which P-adrenergic signaling regulates the 
induction of EAE is suggested by a report revealing its 
differential effects on the activity of polarized Th cells 
[35]. In this report, exposure of differentiated Th clones to 
a p-adrenergic receptor agonist prior to antigen stimula- 
tion resulted in decreased production of Thi -associated 
factors, but no change in production of Th2-associated 
factors. These differences in activity correlated with the 
expression of the p-adrenergic receptor on the T ceil sur- 
face, as Thi cells showed high levels of expression and 
Th2 cells showed no detectable expression. In the previ- 
ous studies in which the administration of the p- 
adrenergic receptor agonist suppressed the induction of 
EAE, it is possible that the development of pathogenic, 
antigen-specific Thi cells was inhibited and only non- 
pathogenic, antigen-specific Th2 cells were activated. 
Our data are consistent with a model in which NGF 
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exerts its regulatory effect not directly on lymphocytes, 
but rather through the sympathetic nervous system. NGF 
secretion by activated T cells in the lymphoid tissue 
would be a stimulus to increase sympathetic regulation. 

The results in this study and our prior study using insulin- 
like growth factor (IGF)-1 to treat chronic, relapsing EAE 
in mice emphasize the fact that one must consider the 
effects of these neurotrophic factors on both the nervous 
system and cells of immune origin [36]. However, unlike 
the study using IGF-1, which potentiated antigen- 
specific T lymphocyte proliferation, we found no such 
effect using NGF (Fig, 5). However, one must consider 
the pleiotropic effects that NGF can have on various cells 
of the immune system and CNS if such a strategy is to be 
used in human diseases such as multiple sclerosis [37]. 
In summary our data suggest that neurotrophic factors 
such as NGF are expressed by cells of the immune sys- 
tem and can participate in the regulation of an immune 
response such as that which occurs during EAE. 

4 Materials and methods 

4.1 Mice 

Transgenic mice bearing the rearranged Va2.3;Vp8.2 gene 
encoding the variable region of the TCR specific for the 
Ac1-11 peptide of MBP on the B10.PL background were 
obtained by crossing transgenic mice bearing the individual 
rearranged genes. The Va2.3 TCR-transgenic mice and 
\/p8.2 TCR-transgenic mice were kindly provided by Dr. 
Joan Goverman (University of Washington, Seattle, WA) [24]. 
These mice were bred and maintained in our animal colonies 
at Washington University School of Medicine and University 
of Texas-Southwestern Medical Center in compliance with 
the Animal Studies Committee. Female (PLxSJL)FI mice 
(4-5 weeks of age) were purchased from Jackson Labora- 
tory (Bar Harbor, ME). All mice were 6-10 weeks of age 
when experiments were initiated, 

4.2 Reagents 

Whole MBP was prepared from guinea pig spinal cords as 
previously described and purity was assessed by SDS- 
PAGE [24]. MBP peptide Ac1-11 was synthesized by the 
Protein Chemistry Laboratory at Washington University 
School of Medicine with purity assessed by mass spectrom- 
etry. Recombinant mouse IL-4 was purchased from R&D 
Systems (Minneapolis, MN). Recombinant human NGF was 
provided by Genentech, Inc. (South San Francisco CA). 

4.3 Active immunization 

Naive vp8.2 TCR-transgenic mice were immunized s. c. with 
MBP Ac1-11 (200 ng/mouse) in an emulsion with CFA 
(Difco, Detroit, Ml). 
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4.4 Antigen challenge of mice 

At day 0, Vp8.2 TCR-transgenic mice in the primed group 
were immunized s. c. with MBP Acl -1 1 (30 [xg/mouse) in IFA 
(Difco, Detroit, Ml). Mice receiving i. p. tolerization protocols 
were injected with MBP Ac1-1 1 (200 ^g)/IFA at day 0. Anti- 
CTLA-4 mAb (200 ^ig) or control hamster IgG (200 \ig) were 
given on days -1,0, and + 1 relative to i. p. antigen adminis- 
tration. 

4.5 Adoptive transfer 

Naive (PLxSJL)FI female mice were immunized s. c. with 
whole MBP (400 ^ig/mouse) in an emulsion with CFA. After 
10 days, the mice were killed. Draining lymph nodes 
were harvested and pressed through a wire mesh screen 
and combined to obtain a single-cell suspension. The 
(PLxSJL)F1 or transgenic cells were cultured (4x10^ cells/ 
ml) in media with 25 ^ig/mt whole MBP or 5 ng/ml MBP pep- 
tide Acl -11, respectively for 4 days. The activated cells 
from the (PLxSJL)FI were suspended in PBS and injected 
into naive, syngeneic females (3x10^ cells/mouse). All mice 
were monitored for clinical signs of disease according to the 
following scale: 0, no abnormality; 1, a limp tail; 2, moderate 
hind limb weakness; 3, severe hind limb weakness; 4, com- 
plete hind limb paralysis; 5, quadriplegia or premoribund 
state [24]. 

4.6 Cell culture 

Draining lymph nodes, thymus and/or spleens, as noted, 
from naive, Va2.3, \/p8.2 TCR-transgenic mice were har- 
vested and single-cell suspensions were obtained by press- 
ing the tissue through a wire mesh screen. The cells were 
cultured (4 x 10^ cells/ml) in complete media for the times 
specified in the text or figure legends. MBP peptide Acl -11 
(10 Jig/ml) was used as the antigen. When specified, 100 U/ 
ml IL-4 or 10-100 ng/ml NGF was added at the initiation of 
culture. 

4.7 Semi-quantitative RT-PCR 

Total RNA was harvested from cells in culture with RNAzolB 
according to the manufacturer's instructions (Tel-Test, 
Friendswood, TX). RNA was reverse transcribed using the 
Ready-To-Go T-Primed First-Strand cDNA kit according to 
manufacturer's instructions (Pharmacia Biotech, Piscata- 
way NJ). PGR amplification was done in a total volume of 
50 ^1 containing 5 ^1 of the cDNA, 5 \M of each primer, 
200 fiM dNTP (Perkin- Elmer, Foster City, CA) and 1.25 U Taq 
polymerase (Life Technologies, Gaithersburg, MD) in buf- 
fer supplied by the polymerase manufacturer. Primer 
sequences were: HPRT, 5'-GTT GGA TAG AGG CCA GAC 
TTT GJl G-3' (sense), 3'-GAT TCA ACT TGC GCT CAT CTT 
AGG C-5' (antisense); TNF-a, 5'-CTC AAA ATT CGA GTG 
ACA AGC C-3' (sense), 3'-ACT TGG GCA GAT TGA CCT 
CAG C-5' (antisense); NGF, 5'-CCA AGG ACG CAG CTT 
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TCT AT-3' (sense), 3'-CTC CGG TGA GTC CTG TTG AA-5' 
(antisense); TrkA, 5'-CTC AAC AAG AAG AAT GTG ACG TGC- 
3' (sense), 3'-GGG TTG AAC TCA AAA GGG TTG TCC-5' 
(antisense) (Life Technologies, Gaithersburg, MD). Optimum 
PGR conditions were determined for each set of prim- 
ers as follows: HPRT 20 cycles (94° for 60 s, 56" for 60 s, 72" 
for 1 min, 30 s with a final 10 min at 72"); TNF-a, 25 cycles 
(94" for 60s, 56" for 60s, 72" for 1 min, 30s with a final 
10 min at 72"); NGF, 35 cycles (94" for 60 s, 62" for 40 s, 72" 
for 1 min, 30 s with a final 10 min at 72°) and TrkA, 35 cycles 
(94" for 60s, 62" for 40s, 72" for 1 min, 30s with a final 
10 min at 72"). The PGR products were run on 1 % agarose 
gels containing ethidium bromide. To provide semi- 
quantitation of mRNA, the PGR products for all reactions 
were below detection by ethidium bromide staining to ensure 
that the saturation point was not reached. The PGR products 
were transferred from the gel to nylon membranes by capillary 
transfer for Southern hybridization with a ^^P-labeled Internal 
oligonucleotide probe. Probe sequences were: HPRT, 5'-GTT 
GTT GGA TAT GCC CTT GAC-3'; TNF-a, 5'-CTC AAA ATT 
CGA GTG ACA AGC C-3'; NGF, 5'-GTA GAG GGA GAA CGG 
TAG ACA G-3'; TrkA, 5'-TCA GTC AGT TCT TGG AGT CTG 
CGC-3'. If necessary, cDNA samples were diluted to give 
equivalent HPRT signals by phosphorimager analysis of the 
Southern blots. Using the same cDNA dilutions in the PGR 
reactions, the resultant signals for TNF-a, NGF and TrkA were 
each compared to the corresponding HPRT results for deter- 
mination of relative gene expression [6]. 

4.8 ELISA 

NGF was measured in cell culture supernatants using a 
commercial ELtSA kit and the manufacturer's instructions 
(Promega, Madison, Wl). IFN-y, IL-4 and IL-10 were mea- 
sured using ELISA plates (Immunol 2, Dynatech) which were 
coated with 2 jig/ml (50 jil/well) IFN-y, IL-4 or IL-10 mAb 
(Pharmingen, San Diego, CA) in 0.1 M carbonate buffer 
pH 8.2 overnight at 4"C. The plates were blocked with 
200 ^tl 10% FBS in PBS for 2 h. Tissue culture supernatant 
(100 were added at various dilutions titered to the linear 
portion of the absorbance/concentration curve in duplicate 
and incubated overnight at 4"C. After the plates were 
washed four times with PBS and 0.05% Tween-20, 100 ^1 
biotinylated anti-cytokine detecting mAb (directed to a dif- 
ferent determinant than the first antibody used to coat ELISA 
plates) at 1 ng/ml in PBS and 100% FBS were added for 
45 min at room temperature. Then 100 jil of avidin- 
peroxidase (2.5 ng/ml) was added and incubated for 30 min. 
Subsequently, the peroxidase substrate 2.2'-a2in-di (3- 
ethyl-benzthiazolinsulfonate) in 0.1 M citric buffer pH 4.35 in 
presence of H2O2 was added and the absorbance was mea- 
sured at 405 nm. 

4.9 Lymphocyte proliferation 

Proliferative responses of splenocytes (2 x 10^ cells/well) 
from Vp8.2, Va2.3 TCR-transgenic mice were determined 



using 2 ng/ml MBP Ac1-11 in the presence of various con- 
centrations of NGF as indicated. Cultures were maintained 
in 96-well flat-bottom microtiter plates for 96 h at 37 "C in 
humidified 5% COz/air. The wells were pulsed with 0.5 \iC\/ 
well pH] methyl-thymidine for the final 16 h of culture. Cells 
were harvested on glass fibers and incorporated pH] methyl- 
thymidine was measured with a Betaplate counter (Wallac, 
Gaithersburg, MD). Results were determined as means from 
quadruplicate cultures and are shown on a log scale with 
SEM. 



4,10 Treatment of EAE with NGF 

Mice receiving either s. c. immunization with Acl -1 1 peptide 
of MBP (200 ng/mouse) in an emulsion with CFA or i. p. 
antigen-specific cells in sterile PBS at day 0 were given NGF 
(25 \ig; approx. 1 mg/kg body weight) in PBS or PBS alone 
beginning at day -1 and continuing on alternate days for 2 
weeks. Mice were monitored by a blinded observer for clini- 
cal signs of disease according to the scale described previ- 
ously [24]. 

Acknowledgements: This work was supported in part by 
a postdoctoral fellowship to L.R.A. from the Spinal Cord 
Research Foundation of the Paralyzed Veterans of America. 
Supported in part by grants from the National Multiple Scle- 
rosis Society and National Institutes of Health to M.K.R. 

References 



1 Felten, D. L, Felten, S. Y., Bellinger, D. L., Carlson, S. L., 
Ackerman, K. D., Madden, K. S., Olschowki, J. A. and Livnat, 

S., Noradrenergic sympathetic neural interactions with the 
immune system: structure and function. Immunol. Rev. 1987. 
100: 225-260. 

2 Madden, K. S., Sanders, V. M. and Felten, D. L., Catecholamine 
influences and sympathetic neural modulation of immune 
responsiveness. Annu. Rev. Pharmacol. Toxicol. 1995. 35: 
417-448. 

3 Kohm, A. M. and Sanders, V. M., Suppression of antigen- 
specific Th2 cell-dependent IgM and IgGI production following 
norepinephrine depletion in vivo. J. Immunol. 1999. 162: 
5299-5308. 

4 Rothwell, N. J., Luheshi, G. and Toulmond, S., Cytokines 
and their receptors in the central nervous system: physiology, 
pharmacology, and pathology. Pharmacol. Then 1996. 69: 
85-95. 

5 Brodle, C, Goldrelch, N., Haiman, T. and Kazimirsky, G., Func- 
tional IL-4 receptors on mouse astrocytes: IL-4 inhibits astrocyte 
activation and induces NGF secretion. J. Neuroimmunol. 1998. 
81:20-30. 

6 Lovett-Racke, A. E., Smith, M. E., Arredondo, L. R., Bittner, P. 
S., Ratts, R. B., Shive, C. L., Forsthuber, T. G. and Racke, M. 

K., Developmentally regulated gene expression of Th2 cytokines 
in the brain. Brain Res. 2000. 870: 27-35. 

7 Ehrhard, P. B., Erb, P., Graumann, U. and Otten, U., Expression 
of nerve growth factor and nerve growth factor receptor tyrosine 
kinase Trk in activated CD4-positive T-cell clones. Proc. Natl. 
Acad. Sci. USA 1993. 90: 10984-10988. 



Eur J. Immunol. 2001 . 31: 625-633 



Nerve growth factor in autoimmune encephalomyelitis 



633 



8 Santambrogio, L., Benedetti, M., Chao, M. V., Muzaffar, R., 
Kulig, K., Gabellini, N. and Hochwald, G., Nerve growth factor 
production by lymphocytes. J. Immunol. 1994. 153: 4488-4495. 

9 Sanders, V. M., Baker, R. A., Ramer-Quinn, D. S., Kasprowicz, 

D. J., Fuchs, B. A. and Street, N. E., Differential expression of 
the beta2-adrenergic receptor by Th1 and Th2 clones: implica- 
tions for cytokine production and B cell help. J. Immunol. 1997. 
158: 4200-4210. 

10 Ramer-Quinn, D. S., Baker, R. A. and Sanders, V. M., Activated 
T helper 1 and T helper 2 cells differentially express the beta-2- 
adrenergic receptor: a mechanism for selective modulation of 
T helper 1 cell cytokine production. J. Immunol. 1997. 159: 
4857-4867. 

1 1 Holtzman, D. M.. Kilbridge, J., Li, Y., Cunningham, E. T., Jr., 
Lenn, N. J., Clary, D. 0., Reichardt, L. F. and Mobley, W. C, 

TrkA expression in the CNS: evidence for the existence of several 
novel NGF -responsive CNS neurons. J. Neurosci. 1995. 15: 
1567-1576. 

12 Varon, S. and Conner, J. M., Nerve gro\Arth factor in CNS repair. 
J. Neurotrauma 1994. 11: 473-486. 

1 3 Mallett, S. and Barclay, A. N., A new superfamily of cell surface 
proteins related to the nerve growth factor receptor. Immunol. 
Today 1991. 12: 220-223. 

1 4 Barbacid, M., The Trk family of neurotrophin receptors. J. Neuro- 
biol. 1994.25: 1386-1403. 

1 5 Ehrhard, P. B., Erb, P., Graumann, U., Schmutz, B. and Otten, 

U., Expression of functional trk tyrosine kinase receptors after T 
cell activation. J. Immunol. 1994. 152: 2705-2709. 

16 Lambiase, A., Bracci-Laudiero, L., Bonini, S., Starace, G., 
D'Ellos, M. M., De Carii, M. and Aloe, L, Human CD4+ T cell 
clones produce and release nerve growth factor and express 
high- affinity nerve growth factor receptors. J. Allergy Clin. Immu- 
nol. 1997.100: 408-414. 

17 Torcia, M., Bracci-Laudiero, L, Lucibello, M., Nencioni, L., 
Labardi, D., RubartelH, A., Cozzolino, F., Aloe, L. and Garaci, 

E. , Nerve growth factor is an autocrine survival factor for memory 
B lymphocytes. Cell 1996. 85: 345-356. 

18 Braun, A., Appel, E., Baruch, R., Herz, U., Botchkarev. V., 
Paus, R., Brodie, C. and Renz, H., Role of nerve growth factor in 
a mouse model of allergic airway inflammation and asthma. Eur. 
J, Immunol. 1998. 28: 3240-3251. 

19 Aloe, L., Tuveri, M. A., Carcassi, U. and Levi-Montalcini, R., 

Nerve growth factor in the synovial fluid of patients with chronic 
arthritis. Arthritis Rheum. 1992. 35: 351-355. 

20 Bracci-Laudiero, L., Aloe, L., Levi-Montalcini, R., Galeazzi, 
M., Schilter, D., Scully, J. L. and Otten, U., Increased levels of 
NGF in sera of systemic lupus erythematosus patients. Neurore- 
port 1993. 4: 563-565. 

21 Scully, J. L. and Otten, U., NGF: not just for neurons. Cell Biol. 
Int. 1995. 19: 459-469. 

22 Laudiero, L. B., Aloe, L., Levi-Montalcini, R., Buttinelli, C, 
Schilter, D., Gillessen, S. and Otten, U., Multiple sclerosis 
patients express increased levels of beta-nerve growth factor in 
cerebrospinal fluid. Neurosci Lett. 1992. 147: 9-12. 

23 Micera, A., De Simone, R. and Aloe, L., Elevated levels of nerve 
growth factor in the thalamus and spinal cord of rats affected by 
experimental allergic encephalomyelitis. Arch. Ital. Biol. 1995. 
133: 131-142. 

24 Ratts, R. B., Arredondo, L. R., Bittner, P., Perrin, P. J., Lovett- 
Racke, A. E. and Racke, M. K., The role of CTLA-4 in tolerance 
induction and T cell differentiation in experimental autoimmune 
encephalomyelitis: i.p. antigen administration. Int. Immunol. 
1999. 11: 1881-1888. 



25 Neumann, H., Misgeld, T, Matsumuro, K. and Wekeiie, H., 

Neurotrophins inhibit major histocompatibility class II inducibility 
of microglia: involvement of the p75 neurotrophin receptor. Pn>c. 
Natl. Acad. Sci. USA 1998. 95: 5779-5784. 

26 Wei, R. and Jonakait, G. M., Neutrophins and the anti- 
inflammatory agents interleukin-4 (IL-4), IL-10, IL-11 and trans- 
forming growth factor-betal (TGF-beta1) down-regulate T cell 
costtmulatory molecules 87 and CD40 on cultured rat microglia. 
J. Neuroimmunol. 1999. 95: 8-18. 

27 Kramer, R., Zhang, Y., Gehrmann, J., Gold, R., Thoenen, H. 
and Wekerie, H., Gene transfer through the blood-nerve barrier: 
NGF-engineered neuritogenic T lymphocytes attenuate experi- 
mental autoimmune neuritis. Nat Med. 1995. 1: 1162-1166. 

28 Villoslada, P., Hauser, S. L, Bartke, I., Unger, J., Heald, N., 
Rosenberg, D., Cheung, S. W., Mobley, W. C, Fisher, S. and 
Genain, C. P., Human nerve growth factor protects common 
marmosets against autoimmune encephalomyelitis by switching 
the balance of T helper cell type 1 and 2 cytokines within the cen- 
tral nervous system. J. Exp. Med. 2000. 191: 1799-1806. 

29 Micera, A-, Properzi, F., Triaca, V. and Aloe, L., Nerve growth 
factor antibody exacerbates neuropathological signs of experi- 
mental allergic encephalomyelitis in adult lewis rats. J. Neuroim- 
munol. 2000. 104: 116-123. 

30 Chelmicka-Schorr, E., Checinski, M. and Arnason, B. G., Sym- 
pathectomy augments the severity of experimental allergic 
encephalomyelitis in rats. Ann. N.Y. Acad. Sci 1988. 540: 
707-708. 

31 Chelmicka-Schorr, E., Checinski, M. and Arnason, B. G., 

Chemical sympathectomy augments the severity of experimentel 
allergic encephalomyelitis. J. Neuroimmunol. 1988. 17: 347-350. 

32 Chelmicka-Schorr, E., Kwasniewski, M. N., Thomas, B. E. and 
Arnason, B. G., The beta-adrenergic agonist isoproterenol sup- 
presses experimental allergic encephalomyelitis in Lewis rats. 
J. Neuroimmunol. 1989. 25: 203-207. 

33 Muthyala, S., Wiegmann. K., Kim, D. H., Arnason, B. G. and 
Chelmicka-Schorr, E., Experimental allergic encephalomyelitis, 
beta-adrenergic receptors, and interferon gamma-secreting cells 
in beta-adrenergic agonist-treated rats. Int. J. Immunopharma- 
COl. 1995. 17: 895-901. 

34 Wiegmann, K., Muthyala, S., Kim, D. H., Arnason, B. G. and 
Chelmicka-Schorr, E., Beta-adrenergic agonists suppress 
chronic/relapsing experimental allergic encephalomyelitis 
(CREAE) in Lewis rats. J. Neuroimmunol. 1995. 56: 201-206. 

35 Sanders, V. M., Baker, R. A., Ramer-Quinn, D. S., Kasprowicz, 
D. J., Fuchs, B. A. and Street, N. E., Differential expression of 
the pz-adrenergic receptor by Thi and Th2 clones: Implications 
for cytokine production and B cell help. J. Immunol. 1997. 158: 
4200-4210. 

36 Lovett-Racke, A- E., Bittner, P., Cross, A. H., Cariino, J. A. and 
Racke, M. K., Regulation of experimental autoimmune encepha- 
lomyelitis with insulin-like growth factor (IGF-1) and IGF-1/lGF- 
binding protetn-3 complex (IGF-1/IGFBP3). J. Clin. Invest. 1998. 
101: 1797-1804. 

37 Ransohoff, R. M. and Trebst, C, Surprising pleiotropy of nerve 
growth factor in the treatment of experimental autoimmune 
encephalomyelitis. J. Exp. Med. 191: 1625-1629. 



Correspondence: Michael K. Racke, University of Texas- 
Southwestern Medical Center, 5323 Harry Mines Blvd. 
(J3.134), Dallas, TX 75390-9036, USA 
Fax: +1-214-648-9129 
e-mail: nnracke@mednet.swmed.edu 



• * 



Nature. 1996 Oct 24;383(6602):716-9. Related Articles, Links 

Death of oligodendrocytes mediated by the interaction of nerve 
growth factor with its receptor p75. 

Casaccia-Bonnefil P , Carter BP , Dobrowsky RT , Chao MV . 

Department of Cell Biology and Anatomy, Hematology/Oncology Division, 
Cornell University Medical College, New York 10021, USA. 

Members of the nerve growth factor (NGF) family promote the survival of 
neurons during development. NGF specifically activates the receptor trkA, 
initiating a signal transduction cascade which ultimately blocks cell death. Here 
we show that NGF can have the opposite effect, inducing the death of mature 
oligodendrocytes cultured from postnatal rat cerebral cortex. This effect was 
highly specific, because NGF had no effect on oligodendrocyte precursors and 
astrocytes. Other neurotrophins such as brain-derived neurotrophin factor (BDNF) 
and neurotrophin-3 (NT-3) did not induce cell death. NGF binding to mature 
oligodendrocytes expressing the p75 neurotrophin receptor, but not trkA, resulted 
in a sustained increase of intracellular ceramide and c-Jun amino-terminal kinase 
(JNK) activity, which are thought to participate in a signal transduction pathway 
leading to cell death. Taken together, these results indicate that NGF has the 
ability to promote cell death in specific cell types through a ligand-dependent 
signalling mechanism involving the p75 neurotrophin receptor. 
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p75 Neurotrophin Receptor Expression on Adult Human 
Oligodendrocytes: Signaling without Cell Death in 
Response to NGF 

Uma Ladiwala,^ Christian Lachance,2 Steve J. J. Simoneau,^ Asha Bhakar,2 Philip A. Barker,2 and 
Jack P. Antel^ 

^Neuroimmunology Unit and ^Center for Neuronal Survival, Montreal Neurological Institute, McGill University, Montreal, 
Quebec H3A 2B4, Canada 



Oligodendrocytes (OLs) are the primary targets in tlie autoim- 
mune disease multiple sclerosis (MS). Cell receptors belonging 
to the tumor necrosis factor receptor (TNF-R) superfamily, such 
as TNF receptors and fas, are implicated in signaling the injury 
response of OLs. The p75 neurotrophin receptor (p75^"^'^, 
another member of the TNF-R superfamily has been reported 
to mediate nerve growth factor (NGF)-induced apoptosis in 
some neural systems. To address the potential relationship 
between pZS'^'^" signaling and OL injury, we assayed adult 
human OLs cultured under several different conditions for 
p^gNTR gpi^ tyrosine kinase receptor trkA expression, for NGF- 
mediated apoptosis, and for NGF-mediated jun kinase (JNK) or 
nuclear factor (NF) kB activation. In the current study, we have 
found expression of pZS^"^" on cultured adult GNS-derived 
human OLs but not on other glial cells. TrkA was not detected 



on these OLs in any of the culture conditions tested. Treatment 
of the OLs with varying concentrations of NGF over a range of 
time periods resulted in no significant increase in numbers of 
terminal transferase (TdT)-mediated d-uridine triphosphate 
(UTP)-biotin nick-end labeling positive OLs, whereas significant 
cell death was observed using TNF-a. Furthermore, unlike 
TNF-a treatment, NGF treatment did not significantly activate 
JNK, although both TNF-a and NGF induced nuclear translo- 
cation of NF-kB. These findings contrast with the recent report 
of NGF-mediated apoptosis in the OLs of neonatal rats matured 
in vitro, which express pTS"^ but not trkA (Gasaccia-Bonnefil 
et al., 1996), and suggest that, at least in humans, pTS^"^" 
signaling may mediate responses other than apoptosis of OLs. 

Key words: p75^'^^; oligodendrocytes; human; trkA; NGF; 
apoptosis; multiple sclerosis; JNK; NF-kB 



Oligodendrocytes (OLs) and their myelin membranes are the 
primary sites of tissue injury in multiple sclerosis (MS), a chronic 
autoimmune disease of the human adult CNS (for review, see 
Raine, 1990). The extent of oligodendrocyte loss varies early in 
the disease, but in the later progressive phase of the disease, OL 
loss is a constant feature (Briick et al., 1994; Raine, 1994). The 
precise basis for the selective injury of OLs remains to be clearly 
defined. Candidate cell-mediated immune effector responses in- 
clude direct effector-target cell interactions or soluble factors 
derived from lymphocytes or glial cells. 

Target cell receptors belonging to the tumor necrosis factor 
receptor (TNF-R) superfamily are implicated in signaling the 
injury response of OLs (Selmaj et ah, 1991; Ozawa et al., 1994; 
D'Souza et al, 1995, 1996). OLs express TNF receptors in situ 
(Dopp et al., 1997), and TNF-a, which is detectable within MS 
lesions (Selmaj et al., 1991), induces apoptosis of human adult 
OLs in vitro (D'Souza et al., 1995). Human OLs also express fas, 
both in intact brain and in culture (D'Souza et al., 1996; Bonetti 
and Raine, 1997), and fas ligand can be detected on glial cells, 
microglia, and astrocytes (D'Souza et al., 1996, 1998; Dowling et 
al., 1996; Bonetti and Raine, 1997) and on lymphocytes in MS 
lesions (D'Souza et al., 1996). Human OLs in vitro undergo cell 
lysis without evidence of nuclear fragmentation in response to 
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ligation of fas with either fas ligand or with cross-linking antibody 
(D'Souza et al„ 1996). 

The precise mechanisms by which TNF and fas receptors 
mediate death within postmitotic OLs remain unclear, but a 
conserved intracellular region termed the "death domain" is 
required for each of these receptors to interact with the down- 
stream signaling elements that are responsible for mediating 
apoptosis in other cellular systems (for review, see Baker and 
Reddy, 1996). The p75 neurotrophin receptor (p75^'^^), also a 
member of the TNF-R superfamily, contains a death domain 
sequence in its cytoplasmic region, and the presence of this 
motif has fueled speculation that this neurotrophin receptor 
may play a role in mediating apoptosis in vivo (Carter and 
Lewin, 1997). The neurotrophins [consisting of nerve growth 
factor (NGF), brain-derived neurotrophic factor (BDNF), 
neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4)] are typi- 
cally considered in terms of their survival-promoting effects 
that are mediated by neurotrophin-dependent activation of the 
tyrosine kinase receptors trkA, trkB, and trkC (for review, see 
Barbacid, 1994). p75^™ was initially found to function as a 
coreceptor for the trk receptors (Barker and Shooter, 1994; 
Hantzopoulos et al., 1994; Mahadeo et al., 1994; Verdi et al., 
1994), but recent data indicate that p75^'^^ is also capable of 
autonomous signaling via neurotrophin-dependent activation 
of sphingomyelinase activity and nuclear factor (NF) kB tran- 
scriptional complexes (Dobrowsky et al., 1994; Carter et al., 
1996). p75^'^'^-mediated signaling has been implicated in the 
apoptosis of developing retinal cells (Frade et al., 1996) as well 
as in the apoptosis of neonatal rat OLs that express p75^'^^ 
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figure I Expression of pTS'^'^** on adult human CNS-derived OLs but not on adult microglia or fetal astrocytes. A, Nomarski microphotograph of 
cultured adult OLs. B, OLs stained with Ol [anti-galactocerebroside (Gal C)-01] antibody. C, OLs stained with anti-human pl5^'^^ antibody. Z), 
Nomarski microphotograph of cultured human fetal astrocytes. £, Fetal astrocytes stained with anti-GFAP antibody. Fetal astrocytes stained with 
anti-human pTS^"^^ antibody. G, Nomarski microphotograph of cultured adult microglia. //, Adult microglia stained with anti-CD68 monoclonal 
antibody. /, Adult microglia stained with anti-human pl5^'^^ antibody. All microphotographs are at a magnification of 500X. 



but that lack trkA(Casaccia-Bonnefil et aL, 1996). An effect of 
p75 ^'^^ on OL apoptosis accompanied with increased levels of 
jun kinase (JNK) activity was observed on neonatal rat OLs 
cells that were induced to differentiate into mature OLs in vitro 
and maintained in minimal media, but no effect was seen on 
the immature precursor cells,. A separate report indicates that 
neonatal rodent OLs grown under more typical growth condi- 
tions express both trkA and pl5^'^^ and that NGF produces a 
survival effect rather than apoptosis (Cohen et al., 1996). 

The observations that NGF levels are elevated in the CSF of 
MS patients (Laudiero et al., 1992) and that MS lesions contain 
both apoptotic OLs (Raine and Scheinberg, 1988; Ozawa et al., 
1994; Dowling et al., 1996) and immature OLs with elevated 
p75 ^'^^ expression (Dowling et al., 1997) raise the possibility that 
py^NTR j^^y pj^y g ^Qig pathogenesis of MS. To address 

the potential relationship between p75^'^^ signaling and OL 
injury, we cultured adult human OLs under a variety of condi- 
tions and assayed them for p75^'^^ and trkA expression, for 
NGF-mediated apoptosis, for NGF-mediated JNK activation, 
and for NGF-mediated NF-kB nuclear translocation. We have 
found that cultured adult human OLs express p75^''"'* and not 
trkA, and yet, under conditions in which TNF-a results in readily 
detectable apoptosis and JNK activation, NGF treatment did not 
result in significant OL apoptosis or JNK activation, although it 
did induce nuclear translocation of NF-kB. 



MATERIALS AND METHODS 

Primary culture preparation. Human brain tissue was obtained from 
patients undergoing partial temporal lobe resection for intractable epi- 
lepsy. A total of 21 such biopsies were used for this study. The glial cell 
isolation procedure was as described previously (Yong and Antel, 1992). 
Briefly, brain tissue was subjected to enzymatic dissociation with trypsin 
(0.25%; GIBCO) and DNase I (25 ^xg/ml; Boehringer Mannheim, Indi- 
anapolis, IN) for 30 min at 37°C and to mechanical dissociation by 
passage through a 132 p,m nylon mesh (Industrial Fabrics Corporation, 
Minneapolis, MN). Mixed glial cells consisting of -70% OLs, 25% 
microglia, and 5% astrocytes were obtained by separation on a 30% 
PercoU (Pharmacia, Dorval, Quebec, Canada) gradient (15,000 rpm at 
4°C for 30 min). To enrich for OLs, we suspended the mixed-cell 
population in Eagle's minimal essential medium (MEM) supplemented 
with 5% fetal calf serum (FCS), 2.5 U/ml penicillin, 2.5 ^g/ml strepto- 
mycin, 2 mM glutamine, and 0.1% glucose (all from GIBCO) and left the 
culture overnight in 25 cm^ uncoated Falcon tissue culture flasks (VWR 
Scientific Products) in a humid atmosphere at 37''C and 5% COj. The 
less adherent OLs were removed by gentle shaking. The remaining 
adherent cells in the Falcon tissue culture flasks, consisting of --95% 
microglia and 5% astrocytes, were allowed to develop in MEM with 5% 
FCS for 2 d. The enriched microglial preparation was then trypsinized 
(0.25%) and plated onto uncoated 9-mm-in-diameter Aclar coverslips 
(Seung K, University of British Columbia) or 16-well chamber slides 
(Nunc, Naperville, IL) for immunocytochemistry. 

The OLs were plated onto poly-L-lysine- (10 fjig/m\; Sigma, St. Louis, 
MO) coated 9-mm-in-diameter Aclar coverslips for immunostaining, onto 
16-well tissue culture chamber slides for subsequent immunostaining and 
cell death assays, or onto 60 mm Petri dishes (VWR Scientific Products) for 
JNK assays and for reverse transcriptase (RT)-PCR. OLs were initially 
cultured in MEM with 5% FCS at a density of 5 X lO'* cells/coversUp or 



Ladiwala et al, • prs^^"^" Expression and NGF Effect on Oligodendrocytes J. Neurosci-, February 15, 1998, 7 8(4): 1297-1 304 1299 





Figure 2. pl5^'^^ mRNA, but not trkA mRNA, is expressed in adult 
OLs. RT-PCR was performed on RNA extracted from adult OLs grown 
in DMEM/F12 with PDGF-AA/b-FGF (lane 7). in serum-free MEM 
(lane 2), or in DMEM/F12 without PDGF-AA/b-FGF (lane 3). Control 
reactions were performed by substituting OL cDNA with trkA- or 
p75^'^^-expression plasmid (+) or with water (-). The upper panel shows 
PGR results using p75 "^"^ '^-specific primers, and the bottom panel shows 
results obtained using trkA-specific primers. DNA size markers are indi- 
cated on the left. 



microwell and 1 X 10^ cells/ml in the Petri dishes for 7 d. The cells were 
then washed with serum-free media and cultured under a series of condi- 
tions that would permit comparison with previous studies conducted using 
rodent OLs. Culture conditions used were DMEM/F12 (1:1) supple- 
mented with 50 ^g/ml transferrin, 20 nM progesterone, 50 putrescine, 
30 nM selenium, 50 ^g/ml insuhn, 0.3% glucose, 15 mM HEPES, 6 mM 
glutamine, 2.5 U/ml penicillin, and 2.5 fig/ml streptomycin for 7 d; DMEM/ 
F12 (1:1) with PDGF-AA (20 ng/ml) and b-FGF (20 ng/ml) for 4 d and 
then transferal to DMEM/F12 without PDGF-AA or b-FGF for 5 d; and 
serum-free MEM (SF-MEM) for 7 d 

For cell death and JNK assays involving NGF (Collaborative Biomed- 
ical Products), TNF-a (Genzyme, Boston, MA), and C2-ceramide (Mo- 
lecular Probes, Eugene, OR) treatments and for NF-kB assays using 
NGF (10 or 100 ng/ml), TNF-a (1000 units/ml), and BDNF and NT-3 
(100 ng/ml each; both supplied by Regeneron Pharmaceuticals), cells 
were washed with serum-free media and incubated in SF-MEM or 
DMEM/F12 (1:1) containing 0.1% bovine serum albumin (DMEB) and 
supplemented with the above effector molecules as indicated in the figure 
legends. NGF-dependent neurite outgrowth from pheochromocytoma 
(PC12) cells was performed using 10 and 100 ng/ml NGF to ensure that 
the NGF used in all experiments was bioactive (data not shown). 

Because pure cultures of adult astrocytes could not be obtained, fetal 
human astrocytes were used as an alternative for immunocytochemical 
studies of p75^'^^ expression. These were prepared from human fetal CNS 
tissue obtained at 12-16 weeks of gestation following Medical Research of 
Canada guidelines. The tissues were mechanically dissociated with scalpel 
blades and then treated with trypsin (0.25%) and DNase (50 fig/ml) at 37°C 
for 45 min. Dissociated tissue was passed through a 130 fim mesh, washed 
twice in PBS, and the cells, consisting of astroglia, neurons, and sparse 
microglia, were plated directly onto poly-L-lysine-coated 75 cm^ Falcon 
tissue culture flasks in M EM with 5% FCS. After confluence, cultures were 
split using 0.25% trypsin. Populations of proliferating fetal astrocytes were 
obtained after three to four passages and plated onto uncoated 9 mm Aclar 
coverslips or 16-well chamber slides. 

Immunocytochem'istry. OLs were identified by staining live cells with 
undiluted supernatant of the 01 hybridoma (gift from Dr. W. Yong, 
Calgary, Canada) for 1 hr at room temperature (RT) followed by three 
washes in PBS and biotinylated-goat anti-mouse IgG (1:100; Caltag. 
South San Francisco, CA) for 1 hr. After three rinses in PBS, cells were 
incubated with Cy3-conjugated Streptavidin (1:1000; Jackson Immu- 
noResearch, West Grove, PA) for 15 min at RT, After rinsing again with 
PBS, coverslips were mounted with gelvatol. The cells were also identi- 
fied as mature OLs by immunostaining methanol-acetone (l:l)-fixed 
cells with anti-myelin basic protein (MBP) monoclonal antibody (mAb) 
(Boehringer Mannheim) (data not shown). Microglia were identified 
using anti-CD68 mAb (1:150; 1 hr at RT; Dako, Carpenteria, CA), and 
permeabilized fetal astrocytes were identified using rabbit anti-glial 



fibrillary acidic protein (GFAP; Dako). For p75^'^*^ staining, anti-human 
p'75NTR (Boehringer Mannheim) was used at a dilution of 1:4000 for 1 hr 
at RT followed by biotinylated-goat anti-mouse IgG and Cy®3- 
conjugated Streptavidin. To detect nuclear translocation of NF-kB, we 
fixed OLs with 4% paraformaldehyde for 20 min at RT and followed with 
acetone-methanol (1:1) at -20°C for 10 min. They were then stained 
with a rabbit polyclonal antibody specific for the p65 subunit of NF-kB 
(1:100; Santa Cruz Biotechnology, Tebu, France) for 1 hr at RT, followed 
by biotinylated-goat anti-rabbit IgG (1:100; Caltag) for 30 min and 
Cy'"3-conjugated Streptavidin (1:1000) for 15 min at RT. For nuclear 
DNA staining, Hoechst 33258 (1:1000; Molecular Probes) was used on 
the same cells. After rinsing with PBS, coverslips were mounted with 
gelvatol. All slides were examined under a Reichert 2 Polyvar Leica 
epifluorescent microscope. 

RT-PCR analysis. Total RNA was isolated from cultured OLs grown in 
the different culture conditions described above, using the one-step 
guanidinium isothiocynate procedure (Chomczinski and Sacchi, 1987). 
Total RNA (2.5 /ig) was used for first-strand cDNA synthesis using 
Superscript II RNase H-reverse transcriptase (GIBCO BRL) in 20 ^a1 
reactions containing 20 mM Tris-HCl, pH 8.4, 0.5 mM deoxynucleotides, 
50 mM KCl, 2.5 mM MgClz, 10 mM dithiothreitol, and 50 ng of random 
hexamers (GIBCO BRL). Five microliters of the resulting cDNA reac- 
tion mixture were then used for nested PCR analysis. The initial PGR 
was performed for 35 cycles at 94X x 40 sec, 52°C x 60 sec, and 72°C x 
90 sec, and the second PCR was performed using 2.5 fi\ of the first 
reaction mixture for 25 cycles at 94°C X 40 sec, 52^0 X 60 sec, and 
12°C X 90 sec. Products were analyzed on Tris-borate EDTA (TBE) 
acrylamide gels stained with ethidium bromide. PCR primers used for 
the first p75^'^^ PCR were p75^'^^-l (CTC ACA CCG GGG ATG TG) 
and p75^'^^-2 (GTG GGC CTT GTG GCC TAC), and the nested 
primers for the second were p75^'^^-3 (TGT GGC CTA CAT AGC 
CTT C) and p75 ^"^^-4 (ATG TGG CAG TGG ACT CAC T). For trkA 
PCR, the initial PCR used primers trkA-1 (ATG AGA CCA GCT TCA 
TC) and trkA-2 (GCT GTG CTG GCG CCA GA), and the nested 
primers for the second were trkA-3 (AA CAA CGG CAA CTA CAC) 
and trkA-4 (CTT GTT TCT CCG TCC AC). The expected final product 
sizes from cDNA are 476 base pairs for p75^'^^ and 279 base pairs for 
trkA; each of the primer sets span exon and intron boundaries, and 
genomic fragments are larger than the cDNA sizes indicated above. 

Cell death assay: TUNEL staining. After exposure to putative injury 
mediators, cell cultures in 16-well chamber slides were washed with PBS, 
fixed with acetone-methanol (1:1) for 15 min at -20°C, and then rehy- 
drated with PBS for 30 min at RT. Cells were then incubated with 50 fi\ 
of nick end-labeling solution containing TdT (9.5 units/ml; Promega, 
Madison, WI) and biotinylated dUTP (10 nmol per ml; Boehringer 
Mannheim) in terminal transferase (TdT) 5X buffer [500 mM cacodylate 
buffer, pH 6.8, 5 mM CoClj, and 0.5 mM DTT (Promega)] for 1 hr at 
37°C. The reaction was terminated by adding 10 mM Tris-HCl, pH 6.8, 
for 5 min at RT. After blocking for 5 min with HHG (1% HEPES, 2% 
horse serum, and 10% goat serum in HBSS; all from GIBCO), the cells 
were incubated with Streptavidin-FITC (1:50; 30 min at 37''C; Boehr- 
inger Mannheim). To identify cell nuclei, we stained cells simultaneously 
with propidium iodide (PI; 10 pig/ml; 10 min incubation). Slides were 
washed in PBS and mounted for counting. Each experiment was con- 
ducted on ceils derived from at least three different brain specimens. For 
each experiment, all treatments were performed in replicate (three or 
four) wells, and 200-400 cell nuclei per well were counted using a 
Reichert Polyvar 2 Leica epifluorescent microscope. 

JNK assay. Cells grown in each of the culture conditions described 
above were washed in DMEM containing 0.1% BSA and then treated 
with putative injury mediators (NGF at 100 ng/ml, TNF-a at 10 ng/ml, 
and C2-ceramide at 25 /llm) for the times indicated in the figure legends. 
In vitro kinase assays with whole-cell lysates were performed as described 
in Westwick and Brenner (1995) using Sepharose-conjugated glutathione 
transferase (GST)-jun (1-223) as substrate. Briefly, 15 /ig of cell lysate 
was incubated for 2 hr at 4^*0 with the Sepharose-coupled substrate. After 
extensive washes, in vitro kinase assays were performed at 30°C for 20 
min. Sepharose-associated phosphorylated substrate was resuspended in 
sample dissociation buffer and run on 12% SDS-PAGE. Gels were fixed 
and stained with Coomassie blue to confirm equal loading of GST-jun 
substrate and then exposed and quantitated on Phosphorlmager cassettes 
(Storm; Molecular Dynamics, Sunnyvale, CA). 

Data analysis. For TdT-mediated d-uridine triphosphate (UTP)-biotin 
nick-end labeling (TUNEL) assays, the total number of data points were 
derived as the sum of replicate wells (three or four) from at least three 
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Figure 3. A, Effect of NGF on OLs in different culture 
conditions (DMEM/F12 with PDGF-AA/b-FGF, serum- 
free MEM, and DMEM/F12 without PDGF-AA/b-FGF) 
as measured by the TUN EL assay. Data indicate percent 
TUNEL-positive nuclei ± SEM in nontreated or control 
cultures, in cultures with NGF at 10 ng/ml for 24 hr [p > 
0.05, not significant (NS)], in cultures with NGF at 100 
ng/ml for 24 hr (p > 0.05. NS), and in cultures with 
C2-ceramide at 50 /im for 18 hr (/? < 0.01) in each culture 
condition (n = 4). B, Percent TUNEL-positive nuclei in 
OLs cultured in serum-free MEM alone or exposed to 
either NGF at 100 ng/ml {p > 0.05. NS) or TNF-a at 1000 
units/ml (p < 0.01) for 4 d. 

separate experiments. Data collected from the TUN EL assays were 
analyzed for significance by the ordinary ANOVA test with Tukey- 
Kramer post tests if the p value was < 0.05. For the JNK assay, 
significance was assessed using Student's t test. 

RESULTS 

Expression of p75^^" but not trk A on adult 
human OLs 

The morphological features of neural cells used in this study are 
illustrated in Figure I, A, D, and G, Purity of the OLs in enriched 
cultures was estimated at 85-90% during the 2-3 week culture 
period. Contaminating cells included astrocytes and fibroblasts, 
OLs cultured in medium with b-FGF/PDGF-AA showed numer- 
ous processes. OLs grown in the different culture conditions (OLs 
in MEM with 5% FCS for 7 d then DMEM/F12 plus PDGF-AA/ 
b-FGF, serum-free MEM, or DMEM/F12 only) were all Ol pos- 
itive (Fig. IB). P75^'^'^ expression was observed on cell bodies and 



processes of OLs (Fig. IC) under all three culture conditions. The 
absence of nonspecific immunoreactivity was verified by perform- 
ing the immunocytochemistry protocol without primary antibody 
and by replacing primary antibody with isotypic control antibody. 
Contaminating cells with morphological characteristics of astro- 
cytes or fibroblasts did not express p75^'^^. No p75^'^^ expression 
could be detected on adult human microglia or fetal astrocytes in 
culture (Fig. respectively). 

When the RT-PCR was performed on OL RNA using specific 
primers for p75^'^^ and trkA, p75^'^'^ transcripts were detected 
in OLs from all three culture conditions (Fig. 2), consistent with 
the immunocytochemical data. Transcripts for trkA could not be 
detected in OLs from any of the conditions. Transcripts 2', 
3'-cyclic nucleotide phosphodiesterase (CNPase), an OL-specific 
protein, were visualized (data not shown). Samples run without 
reverse transcriptase showed no contaminating bands. 
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Figure 4. A, JNK activation in OLs treated with NGF or TNF-a. Adult human OLs were cultured in serum-free M EM; data are from untreated controls 
{lane 1) and cultures treated for 30 min with NGF at 100 ng/ml {lane 2) or with TNF-a at 10 ng/ml {lane 3). Only TNF-a significantly increased JNK 
activity as assessed by the level of phosphorylation of GST-jun. fi, JNK activity in OLs treated with different concentrations of NGF and with 
C2-ceramide. Data are from OLs in serum-free MEM untreated {lane 1) or treated with NGF at 10 ng/ml for 3 hr {lane 2), with NGF at 100 ng/ml for 
3 hr {lane 3), or with C2-ceramide at 25 fiM {lane 4). Significant JNK activation was observed with C2-ceramide only. C, JNK activity in response to 
NGF treatment of OLs cultured in different conditions. Adult human OLs were cultured in DMEM/F12 with PDGF-AA/b-FGF, serum-free MEM, or 
DMEM/F12 without PDGF-AA/b-FGF. Cells were then treated with NGF at 100 ng/ml or C2-ceramide at 25 fiM for 2 hr or left untreated (controls). 
JNK activity was quantified with a Phosphorlmager. Values are expressed as the percent of the JNK activity of the control ± SEM. Each bar represents 
the average of three different experiments. C2-ceramide induced significant JNK activation {p < 0.05) in each condition. 



NGF does not cause significant apoptosis of OLs in 
different culture conditions 

OLs in the different culture conditions described above were 
treated with 10 or 100 ng/ml of NGF for durations varying from 
24 to 96 hr. TUN EL staining showed no significant apoptosis of 
the OLs in any of the three culture conditions with NGF at 10 
ng/ml or 100 ng/ml at 24 hr (Fig. 3^4). No increase in apoptosis 
was observed at any of the time points up to 96 hr. In contrast, 
TNF-a induced significant apoptosis of the OLs (20 ± 2%; p < 
0.01) at 96 hr; Fig. 3fi). . 

NGF treatment of OLs does not lead to significant 
JNK activation 

JNK activity measured with a solid-phase kinase assay was not 
significantly increased when OLs in the different culture condi- 
tions were exposed to 100 ng/ml NGF at time points up to 3 hr 
(Fig. 4A,B). However, under identical conditions, both TNF-a 
(10 ng/ml) and C2-ceramide (25 /xm) were potent inducers of 
JNK (Fig. 4A-C), 



NGF induces nuclear translocation of NF-kB 

Nuclear translocation of the p65 subunit of NF-kB in response to 
10 or 100 ng/ml NGF was detected by immunocytochemistry in 
significant numbers (26-47%) of OLs under all three culture 
conditions (Fig. 5CJD; Table 1) as compared with untreated 
(control) cultures (8-12%) (Fig. 5.4,5; Table 1) and those treated 
with BDNF (7-11%) or NT-3 (7-8%) (Table 1). This effect was 
observed 3 hr after NGF treatment and was maintained for at 
least 6 hr. TNF-a induced strong nuclear staining at 30 min (data 
not shown). 

DISCUSSION 

In this study we show that OLs derived from human adult CNS 
express p75^'^^ but not trkA under any of the culture conditions 
we have examined. In this regard, the adult human OLs differ 
from neonatal rat-derived OLs, because maintenance of rat- 
derived cells in b-FGF and PDGF-AA results in expression of 
trkA, which likely mediates a survival response by NGF (Cohen 
et ah, 1996). The reasons for this difference in trkA expression is 
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Figure 5. Nuclear translocation of NF-kB is induced by NGF in OLs.A, Adult human OLs cultured in serum-free MEM; untreated controls with almost 
all OLs showing no nuclear staining for NF-kB. B, Nuclear DNA of OLs in the same field as in A stained with Hoechst 33258. C, OLs in serum-free 
MEM treated with 100 ng/ml NGF for 3 hr and stained with a rabbit polyclonal antibody specific for the p65 subunit of NF-kB. /), Nuclear staining of 
OLs in the same field as in C with Hoechst 33258. All microphotographs are at a magnification of 1000 X. 



Table 1. Nuclear translocation of NF-#cB is induced by NGF but not by BDNF or NT-3 in OLs 






Culture Untreated 
condition controls 


BDNF 
(100 ng/ml) 


NT-3 

(100 ng/ml) 


NGF 

(10 ng/ml) 


NGF 

(100 ng/ml) 


DMEM/F12 12 ± 1 
DMEM/F12 + PDGF/FGF 11 ± 2 
SF-MEM 8±2 


11 ± 2 
8± 2 
7±3 


8±1 
7±2 
8±2 


42 ±4 
26 ±4 
26 ±2 


47 ±6 
33 ±5 
29 ±4 



Each treatment [NGF 10 and 100 ng/ml; BDNF (100 ng/ml); NT-3 (100 ng/ml) for 5 hr] was evaluated in replicate wells for each culture condition (DM EM/F12, DMEM/F12 
with PDGF-AA/b-FGF, or serum-free MEM) on OLs derived from two different brain specimens (n = 4). A total of 75-100 cells were counted m each well. Data are 
presented as percent cells showing nuclear translocation ± SEM. 
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unknown but could reflect a species-specific difference in gene 
expression as is seen in the expression of the CD59 receptor, a 
complement inhibitory protein, on human but not rodent OLs 
(Wing et al., 1992; Piddlesden and Morgan, 1993). It could also 
reflect the fact that the rat OLs used in previous studies were 
derived from neonatal animals, whereas the human OLs used in 
our studies have been postmitotic for a period of many years. In 
contrast, pTS^''^'^ expression was detected in human OLs under 
all three culture conditions. 

Our previous results have shown that TNF treatment of adult 
human OLs results in cellular apoptosis (D'Souza et al., 1995), 
indicating that a TNF-dependent apoptotic cascade is functional 
within these cells. In this study, we have compared the effects of 
TNF and NGF in our standard conditions as well as under the 
minimal culture conditions in which NGF treatment results in 
apoptosis of neonatal rat OLs. Treatment of these OLs with 
varying concentrations of NGF over a range of time periods 
resulted in no significant increase in the numbers of TUNEL- 
positive OLs, whereas significant injury was observed using TNF. 

Several previous studies have examined the expression of NGF 
receptors and the effects of NGF on OLs, with considerable 
discord between the various results. Cohen et al. (1996) have 
found that neonatal rat-derived OLs maintained in b-FGF and 
PDGF-AA express both p75^'^^ and trkA, and NGF promotes 
the survival of these cells. NGF-mediated proliferation and pro- 
cess extension have been reported for porcine OLs (Althaus et 
al., 1992). Using minimal media to maintain neonatal rat-derived 
immature OLs, Casaccia-Bonnefil et al. (1996) found that rat 
OLs express p75'^''"^ but not trkA and that these cells underwent 
apoptosis in response to NGF. These differing effects of NGF 
might be explained if activation of trkA results in a dominant 
proliferation or survival signal that overrides an apoptotic signal 
derived from pTS^^*^. However, our experiments show that hu- 
man OLs do not express trkA under the culture conditions used 
either by Cohen et al. (1996) or Casaccia-Bonnefil et al. (1996) 
but, nonetheless, fail to undergo NGF-mediated apoptosis and 
JNK activation under conditions in which activation of JNK and 
apoptosis do occur in response to TNF. This difference in re- 
sponsiveness in the adult human OLs suggests that the signaling 
properties of p75^'''** show greater cell-type and developmental 
variability than do those of the apoptotic TNF-Rl and Fas re- 
ceptors. Reasons for this are unclear but may include differential 
expression of appropriate p75^'^^ signaling partners that remain 
unidentified. 

Recently, p75'^ ''"^-mediated signaling events, such as activation 
of NF-kB transcriptional complex (Carter et al., 1996) and of the 
sphingomyelin-ceramide pathway (Dobrowsky et al., 1994), have 
been identified, and both of these signaling events are consistent 
with a role for p75^^^ in mediating injury responses within the 
CNS. However, activation of NF-kB in several cell types blocks 
apoptotic cell death to a variety of insults, including TNF-a (Beg 
and Baltimore, 1996; Liu et al., 1996; Van Antwerp et al., 1996). 
Diverse functions other than apoptosis have been attributed to 
autonomous p75'^^*^ signaling in non-neuronal cells (Herrmann 
et al., 1993; Anton et al., 1994). The nuclear translocation of 
NF-kB by NGF in human OLs may indicate a role for NF-kB in 
preventing apoptosis, although its precise function remains to be 
determined. 

Mature OLs within the CNS seem to express little, if any, 
p75 ^"^^ under normal conditions (Yan and Johnson, 1988; Heuer 
et aL, 1990; Yamamoto et al., 1993). Substantial amounts of 
p75 ^'^^ were observed on apparently immature OLs in MS tissue 
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(Dowling et al., 1997). Furthermore, rats with experimental al- 
lergic encephalomyelitis, the animal model of MS, also have 
increased p75^'^^ and NGF protein in their brains (De Simone et 
al., 1996). Rather than causing toxicity, NGF prevents autoim- 
mune demyelination in marmosets (Diaz et al., 1997). 
j3-Interferon, the approved therapy for MS, induces NGF produc- 
tion by astrocytes (Boutros et al., 1998). NGF and other neuro- 
trophins continue to be considered for use as therapies in CNS 
neuronodegenerative disorders, emphasizing the need to define 
their effects on non-neuronal cells as a consequence of the 
therapy. 
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Of Mice and Not Men: Differences between Mouse and 
Human Immunology 

Javier Mestas and Christopher C W. Hughes^ 



Mice are the experimental tool of choice for the majority of 
immunologists and the study of their immune responses 
has yielded tremendous insight into the workings of the 
human immune system. However, as 65 million years of 
evolution might suggest, there are significant differences. 
Here we outline known discrepancies in both innate and 
adaptive immunity, including: balance of leukocyte sub- 
sets, defensins. Toll receptors, inducible NO synthase, the 
NK inhibitory receptor families Ly49 and KIR, FcR, Ig 
subsets, the B cell (BLNK, Btk, and k5) and T cell 
(ZAP70 and common y-chain) signaling pathway com- 
ponents, Thy- 1, y5 T cells, cytokines and cytokine recep- 
tors, ThllThl differentiation, costimulatory molecule 
expression and function, Ag-presenting function of endo- 
thelial cells, and chemokine and chemokine receptor ex- 
pression. We also provide examples, such as multiple scle- 
rosis and delayed'type hypersensitivity, where complex 
multicomponent processes differ. Such differences should 
be taken into account when using mice as preclinical mod- 
els of human disease. The Journal of Immunology, 2004, 
172: 2731-2738. 



Mice are the mainstay of in vivo immunological ex- 
perimentation and in many respects they mirror hu- 
man biology remarkably well. This conservation of 
function is reflected in recent reports on the sequencing of both 
the human and mice genomes, which reveal that to date only 
300 or so genes appear to be unique to one species or the other 
(1). Despite this conservation there exist significant differences 
between mice and humans in immune system development, ac- 
tivation, and response to challenge, in both the innate and 
adaptive arms. Such differences should not be surprising as the 
two species diverged somewhere between 65 and 75 miUion 
years ago, differ hugely in both size and lifespan, and have 
evolved in quite different ecological niches where widely differ- 
ent pathogenic challenges need to be met — after all, most of us 
do not live with our heads a half-inch oflF the ground. However, 
because there are so many parallels there has been a tendency to 
ignore differences and in many cases, perhaps, make the as- 
sumption that what is true in mice — in vivo Veritas — is neces- 



sarily true in humans. By making such assumptions we run the 
risk of overlooking aspects of human immunology that do not 
occur, or cannot be modeled, in mice. Included in this subset 
will be differences that may preclude a successful preclinical 
trial in mice becoming a successful clinical trial in human. 

In this review our aim is not to suggest that the mouse is an 
invalid model system for human biology. Clearly, with so many 
paradigms that translate well between the species, and with the 
relative ease with which mice can now be genetically manipu- 
lated, mouse models will continue to provide important infor- 
mation for many years to come. Rather, our aim is to sound a 
word of caution. As therapies for human diseases become ever 
more sophisticated and specifically targeted, it becomes increas- 
ingly important to understand the potential limitations of ex- 
trapolating data from mice to humans. The literature is littered 
with examples of therapies that work well in mice but fail to 
provide similar efficacy in humans (2-7). By focusing on some 
known differences between mouse and human immunology we 
hope to spur interest in this area and encourage others to note 
differences where they occur. 

Structure and general characteristics 

The overall structure of the immune system in mice and hu- 
mans is quite similar. As this topic has been recently reviewed in 
depth (8), we will not go into great detail here. One difference 
worth noting is that whereas mice have significant bronchus- 
associated lymphoid tissue, this is largely absent in healthy hu- 
mans (9), possibly reflecting a higher breathable Ag load for an- 
imals living so much closer to the ground. 

The balance of lymphocytes and neutrophils in adult animals 
is quite different: human blood is neutrophil rich (50-70% 
neutrophils, 30-50% lymphocytes) whereas mouse blood has a 
strong preponderance of lymphocytes (75-90% lymphocytes, 
10-25% neutrophils) (10). It is not clear what, if any, fiinc- 
tional consequence this shift toward neutrophil-rich blood in 
humans has had. 

Tyrosine kinase receptor expression on putative hemopoietic 
stem cells (HSC)^ shows a reciprocal pattern, with mouse HSC 
being predominantly c-kii"'^ , flt-3~ ^ whereas human HSC are 
predominantly c->^//*°",^^3^ (11). 
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BRIEF REVIEW 



Innate immunity 

One of the first lines of defense in higher organisms, and often 
the only defense in lower animals, is the growing family of an- 
timicrobial peptides, and in particular the defensins. These are 
important in mucosal defense in the gut and in epithelial de- 
fense in skin and elsewhere (12, 13). Neutrophils are a rich 
source of leukocyte defensins in humans, but defensins are not 
expressed by neutrophils in mice (14). In contrast, Paneth cells, 
which are present in the crypts of the small intestine, express 
>20 defensins (cryptdins) in mice but only two in human, 
likely reflecting different evolutionary pressures related to mi- 
croorganism exposure through food intake. There are also dif- 
ferences in processing of defensins (Table I). 

The last few years have seen a renewed focus on the field of 
innate immunology, spurred in large part by identification of 
the Toll-like family of receptors — the TLRs (15). This field is 
still relatively young and so far a limited number of differences 
have been noted between mice and humans (Table I), 

There has been considerable controversy as to whether hu- 
man macrophages express NO. Expression of functional induc- 
ible NO synthase (iNOS; NOS2) in mouse macrophages has 
been clearly demonstrated and iNOS mRNA is readily induced 
by IFN-y and LPS (16). However, these same inflammatory 
mediators have failed to show consistent effects on human mac- 
rophages, hence the confusion. Recent work suggests that other 
mediators, such as IFN-q;)3, IL-4 plus anti-CD23, and various 
chemokines, are actually far more efficient in inducing iNOS in 
human macrophages (17). However, the controversy is not 
dead yet (18). 

Using different strains of mice a susceptibility locus for CMV 
infection, cmvly was identified and later shown to encode the 
Ly49 family of proteins (19). There are at least 1 4 members and 
most are expressed on NK and NKT cells, where the majority 
act as NK inhibitory receptors for MHC I molecules. The Ly49 
family is absent in humans, who use the KIR family as NK in- 
hibitory receptors (20). KIR proteins are highly diverged from 
the Ly49 family and have Ig rather than C-type lectin domains 
in their extracellular domain; however, similarly to Ly49 they 
also recognize MHC class I. The ligands for mouse and human 
NKG2D differ: in humans, NKG2D binds the polymorphic 
MHC class Mike molecules MHC-I chain-related A, MHC-I 
chain-related B, and the UL16 binding protein family, whereas 
in mouse NKG2D binds to H-60 and Rael/3. The significance 
of these differences to CMV infection and to NK biology in 
general have not been determined. 

Adaptive immunity 

FcR represent a link between the adaptive immune system, 
which generates Ab, and the innate immune system, which can 
respond to Ab-Ag complexes through capture by FcR expressed 
on macrophages, neutrophils, eosinophils, mast cells, and den- 
dritic cells. There are several differences in FcR expression be- 
tween mice and humans. In humans, FcaRI (CD89) is an im- 
portant IgA receptor expressed by neutrophils, eosinophils, 
monocytes/macrophages, dendritic cells, and Kupffer cells 
(21). Mice lack FcaRI and presumably use alternative recep- 
tors, such as Fca/jLiR, the transferrin receptor (CD71) and 
polymeric IgR, which also binds IgM. Humans also express two 
IgG receptors not found in mice: FcyRIIA and FcyRIIC are 
closely related single-chain FcR, each of which has a single 
ITAM motif in the intracellular domain. In contrast, most 



other FcR associate with ITAM-containing signal transduction 
subunits (22). 

In addition to differences in FcR there are well-known dif- 
ferences in expression of Ig iso types between mice and humans, 
and direct correlations between subtypes within classes in each 
species are hard to make. Mice make IgA, IgD, IgE, IgM, and 
four subtypes of IgG: IgGl, IgG2a, IgG2b, and IgG3. Interest- 
ingly, in the C57BL/6, C57BL/10, SJL, and NOD strains of 
mice there is no expression of IgG2a, instead these mice express 
the novel IgG2c (23). Humans in contrast express two subtypes 
of IgA — IgAl and IgA2 — along with single forms of IgD, IgE, 
and IgM. In humans there are also four subtypes of IgG: IgGl, 
IgG 2, IgG 3, and IgG4; however, these are not direct homo- 
logues of the mouse proteins. While different subtypes have dif- 
fering abilities to bind FcR or fix complement, the differences 
between mice and humans are not considered significant. In 
contrast, there are differences in class switching: in mice, IL-4 
induces IgGl and IgE, whereas in humans, IL-4 induces 
switching to IgG4 and IgE. In contrast, IL-13 has no effect on 
mouse B cells but induces switching to IgE in humans (24). 

There are some interesting differences in B cell development 
that relate to the roles of several signaling molecules. BLNK (Src 
homology-2 domain containing leukocyte-specific phospho- 
protein-65) is an adapter protein that is rapidly phosphorylated 
by Syk after cross-linking of the B cell Ag receptor. It then serves 
as a scaffold for downstream signaling components such as 
Grb2, Vav, Nek, and PLC-7. B cell development in mice lack- 
ing BLNK is blocked at the pro-B to pre-B transition, resulting 
in low numbers of IgM B cells, but no mature IgM'^^^IgD*^'^ 
B cells, appearing in the periphery (25). A naturally occurring 
mutation in the human BLNK protein has been identified that 
results in a splicing defect preventing protein expression. In this 
patient there was also a block in the pro-B to pre-B transition; 
however, there was also a complete absence of B cells in the pe- 
riphery, suggesting a more severe block in human B cell devel- 
opment than in mice (26). 

Similarly discrepant phenotypes have been noted in mice 
lacking functional BCR-associated tyrosine kinase Btk (27) and 
in mice lacking A5 (28), the L chain component of the pre-BCR 
(Table I), Differences in mature B cells between mice and hu- 
mans were recently reviewed (29), and include mutually exclu- 
sive expression of CD5 and CD23 on mouse but not human B 
cell subsets, and CD38 expression on human, but not mouse, 
plasma cells. 

The discrepant phenotypes discussed above for BLNK, Btk, 
and A5 should be treated with some caution as the human dis- 
eases usually arise due to mutations in the relevant genes rather 
than deletions of whole exons as seen in the mouse knockout 
models. In some cases, however, identical mutations have been 
found, or created, in mice and the discrepant phenotype re- 
mains. This is the case for human XLA and mouse XID, which 
both involve Btk (30,31). 

The development and regulation of T cells also differs be- 
tween mice and humans. Thy-1 is a GPI-linked Ig superfamily 
molecule of unknown function. It is expressed on thymocytes 
and peripheral T cells in mice and has been widely used as a T 
cell marker in the thymus. In humans, however, it is only ex- 
pressed on neurons. The basis of this tissue specificity is sug- 
gested to be the presence or absence of an Ets-1 binding site in 
the third intron of the gene (32). 
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Table I. Summary of some known immunological differences between mouse and human 



Mouse 



Human 



Notes 



Refs. 



Hemotopoiesis in spleen 
Presence of BALT 
Neutrophils in periph. blood 
Lymphocytes in periph. blood 
Hemotopoietic stem cells 
TLR2 expression on PBL 

TLR3 

TLR9 

TLRIO 

Sialic acid NeuSGC expression 
CD33 

Leukocyte defensins 
Paneth cell defensins 

Paneth cell defensins 
Macrophage NO 

CD4 on macrophages 
Predominant T cells in skin and 
mucosa 

y/S T cells respond to phospho- 

antigens 
CDl genes 

NK inhibitory Rs for MHC 1 

NKG2D ligands 

fMLP receptor aflSnity 

FcaRI 

FcyRIlA, C 

Serum IgA 

Ig classes 



Ig CDR-H3 region 
BLNK deficiency 
Btk deficiency 
A5 deficiency 

CD38 expression on B cells 

B cell CDS and CD23 expression 
IL-13 eflFect on B cells 
Thy 1 expression 

Effect of deficiency 

Effect of Jak3 deficiency 
Effect of IL-7R deficiency 
ZAP70 deficiency 

Caspase 8 deficiency 

Caspase 10 

IFN-a promotes Thl 

differentiation 
Th expression of IL-10 
IL-4 and IFN-7 expression by 

cultured Th 
CD28 expression on T cells 
ICOS deficiency 

B7-H3 effects on T cells 
ICAM3 

P-selectin promoter 
GiyCAM 

MHC II expression on T cells 
Kvl.3 channel on T cells 
MUCl on T cells 
Granulysin 



Active into adulthood 

Significant 

10-25% 

75-90% 

c-ki^^\flt-3- 

Low (induced on many cells 

including T cells) 
Expressed on DC, Mac. Induced by 

LPS 

Expressed on all myeloid cells, 
plasmacytoid DC and B cells 
Pseudogene 
Widespread 

Expressed on granulocytes 
Absent 

Processed by MMP7. Stored pre- 
processed 
At least 20 

Induced by IFN-7 and LPS 
Absent 

y/S TCR (dendritic epidermal T 

cells— DETC) 
No 

CDld 

Ly49 family (except Ly49D and H) 

H-60, Rael^ 

Low 

Absent 

Absent 

Mostly polymeric 

IgA, IgD, IgE, IgGl, IgG2a*, lgG2b, 
IgG3, IgM * absent in C57BU6, 
no, SJL and NOD mice, which 
have IgG2c 
Shorter, less diverse 
IgM^s*' B cells in periphery 
Normal pre-B and immature B 
"leaky" block at pro-B to pre-B 

transition 
Low on GC B cells, off in plasma 
cells 

Mutually exclusive 
None 

Thymocytes, peripheral T cells 

Loss of T, NK, and B cells 

Phenocopies deficiency 
Blocks T and B cell development 
No CD4-' or CDS"" T cells 

Embryonic lethal 

Absent 

No 

Th2 

Either/or 

On 100% of CD4-^ and CDS"" 
Normal B cell numbers and function, 

normal IgM levels 
Inhibits activation 
Absent 

Activated by TNF and LPS 

Present 

Absent 

Absent 

Absent 

Absent 



Ends before birth 

Largely absent in healthy tissue 

50-70% 

30-50% 

c-ki^^'^^flt-S^ 

Constitutive (but not on T cells) Binds lipopeptides 
Expressed by DC. No LPS induction Binds dsRNA 



Expressed only on B cells, 
plasmacytoid DC and N 
Widely expressed 
Absent 

Expressed on monocytes 
Present 

Stored as pro-form. Processed by 

trypsin 
Two 

Induced by IFN-o/^, IL-4-' anti- 

CD23 
Present 
a/^ TCR 

Yes 

CDIa,b,c,d 
KIR 

MIC A, MIC B, ULBP 

High 

Present 

Present 

Mostly monomeric 
IgAl, IgA2, IgD, IgE, IgGl, IgG2, 
lgG3, IgG4, IgM 



Longer, more diverse 
No peripheral B cells 
Blocks pro-B to pre-B transition 
Blocks pro-B to pre-B transition 

High on GC B cells and plasma cells 



Binds CpG 



Binds pathogens 
Binds sialic acids 
neutrophils 



NK activating Rs 



9 
10 
10 
11 

88 

88, 89 
90,91 



92 
93 
14 

94, 95 

13 
17 

96 
40 

97 

41 

20 
98 
99 
21 
22 
21 
23 



100 

25,26 

28 

28 

29 



Co-expression 29 

Induces switch to IgE 24 

Absent ft-om all T cells, expressed 32 
on neurons 

Loss of T, NK, but B cell numbers 33, 34 
normal 

Phenocopies Yc deficiency 31 

Only blocks T cell development 35, 36 
No CD8'^ T but many nonfunctional Related to syk level? 37, 38 
CD4^ 

Viable — inmiunodeficiency 62, 63 

Present 62 
Yes Mutant stat2 in mice 44 



Thl and Th2 
Sometimes both 

On 80% of CD4-', 50% of CDS'- 
B cells immature and severely 
reduced in number, low IgM 
Promotes activation 
Present 

Unresponsive to inflammation 

Absent 

Present 

Present 

Present 

Present 



Possibly age-related 



DC-SIGN ligand 



Regulates Ca flux 
Regulates migration? 
In CTL 



51 



54 

55-57 

101-2 
103-4 

58 

105 
59-61 

64, 65 

106 

43 
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Table I. Continues 





Mouse 


Human 


Notes 


Refs. 


CXCRl 


Absent 


Present 




66, 67 


IL-8, NAP-2, ITAC, MCP-4, 


Absent 


Present 


Chemokines 


66, 67 


HCC-1, HCC-2, MPIF-1, 










PARC, eotaxin-2/3 










MRP- 1/2, lungkine, MCP-5 


Present 


Absent 


Chemokines 


66, 67 


IFN-y effects in demyelinating 


Protective in EAE 


Exacerbates MS 




4, 69- 


disease 








70 


DTH lesions 


Neutrophil-rich 


Lymphocyte-rich 




73,74 


Constitutive MHC II on EC 


Absent 


Present 




80 


EC present Ag to CD4+ T 


No 


Yes 


Memory T only 


75-77 


CD58 (LFA-3) 


Absent 


Present 


CD2 ligand 


82 


T cell dependence on CD2-ligand 


Low 


High 




82 


interactions 








82 


CD2-ligand interaction 


Lower affinity, with CD48 


Higher affinity, with CD58 




CD40 on EC 


Absent 


Present 




83,84 


Vascularized grafts tolerogenic? 


Yes 


No 




5 


Microchimerism induces graft 


High success rate 


Low success (expts. in non-human 




7 


tolerance? 




primates) 






Passenger leukocytes 


Account for graft immunogenicity 


Do not account for graft 
immunogenicity 




6 



Similar to the development of B cells, mutation of key sig- 
naling molecules in T cells has markedly different effects in 
mice and humans. Several cytokine receptors, including those 
for IL-2, IL-4, IL-7, IL-9, and IL-15, share a common signaling 
chain called common y chain (yj. Perhaps not surprisingly, 
deletion or mutation of this gene, v/hich is on the X chromo- 
some, results in severe immunological defects. Interestingly, 
these differ between human and mouse XSCID (33, 34). Nu- 
merous mutations have been identified in the human gene 
that inhibit function, and in most of these cases the result is a 
dramatic decrease in the number of T cells and NK cells. Hov/- 
ever, B cell development is normal, although Rinction is im- 
paired, likely due to the lack of T cell help. In marked contrast, 
B cell numbers are greatly diminished in Yc'^^ull mice. Given 
that IL-7R deficiency in mice blocks both T and B cell devel- 
opment (35), but only blocks T cell development in humans 
(36), it is likely that B cell development in humans is indepen- 
dent of IL-7. The major signal transducer for 7^ is JAK3 and 
mutation of this gene phenocopies the y^ mutation in both 
mice and humans; that is, a lack of T and NK cells in human 
v^ith the addition of a severe B cell defect in mice (31). 

Interesting differences have also been noted in ZAP70 -defi- 
cient mice and humans. ZAP70 is essential for TCR signaling 
in both developing and mature T cells, and compromised sig- 
naling results in SCID. In humans the defect results in normal 
numbers of CD4"^ T cells and absent CDS"^ T cells. Hov^^ever, 
the CD4^ T cells are nonfunctional. In contrast, an identical 
mutation introduced into the mouse ZAP70 results in a block 
in differentiation of both T cell subsets at the double-positive 
stage (37). It has been suggested that the "leakiness" of the hu- 
man mutant is due to incomplete down-regulation of the pro- 
tein tyrosine kinase Syk in human thymocytes, compared with 
mouse thymocytes (38). 

The study of 7/6 T cells has revealed a number of significant 
differences between mice and humans. T cells expressing y/8 
TCR are found in all organisms that have al )3 receptors and yet 
their fimction is still largely an enigma (39). Mouse skin con- 
tains a large fraction of cells bearing a TCR encoded by a single 
V7 and V5 gene. These V75-V6I T cells appear to be oligo- 
clonal, reside in the epidermis, and are known as dendritic epi- 
dermal T cells (DETC). DETC represent the predominant T 



cell in mouse skin, whereas cells bearing a/ jS receptors predom- 
inate in human skin and are found mostly in the dermis. In- 
deed, a cell with DETC characteristics has not been identified 
in humans (40). Human but not mouse 7/S T cells have been 
suggested to recognize Ag presented by GDI molecules — in 
particular CD lb (41). Interestingly, of the five CDl molecules 
found in humans (designated CD la, b, c, d, and e), only CD Id 
is expressed in mice (4l). Similarly to 7/6 T cells the CDl fam- 
ily of molecules has been implicated in the pathogenesis of tu- 
berculosis, but their precise role has yet to be defined (42, 43). 
The differing expression of CD 1 genes between mice and hu- 
mans may well turn out to impact activation of both aip and 
7/5 T cells in tuberculosis, as both subsets can recognize a va- 
riety of Ags presented by CDl molecules. 

An often critical component of adaptive immunity is the 
skewing of T cell differentiation toward Thl or Th2 pheno- 
types and this process represents another area of interaction be- 
tween the innate and adaptive arms of immunity. In humans, 
the type I I FN, IFN-a, is secreted by several cell types in re- 
sponse to viral infection, including macrophages, and acts on T 
cells to induce Thl development. This process is dependent 
upon STAT4 activation, and its recruitment to the IFN-a re- 
ceptor by STAT2, In mice, however, IFN-a fails to induce Th 1 
cells and does not activate STAT4 (44). 

The existence of polarized T cell populations was first dem- 
onstrated by Mosmann and colleagues (45) and since then has 
become a guiding principle for T cell activation. While polar- 
ization is relatively easy to observe in mice the paradigm has 
never been as clear-cut in the human system. Th 1 and Th2 cells 
can certainly be found in human disease (46, 47); however, 
there is a growing recognition that in many diseases clear dis- 
tinctions cannot be made and that T cells of both persuasions 
can often be generated simultaneously (48-50). For example, 
in mice, IL-10 is considered to be a Th2 cytokine, whereas in 
humans both Thl and Th2 cells can make IL-10 (51). The re- 
sponse of mice and humans to schistosomiasis is remarkably 
different. Epidemiological data suggest that a Th2 response 
involving eosinophils and IgE may be key to combating in- 
fection in humans (52), whereas in mice effector cell activa- 
tion by IFN-7, a Thl response, is essential for clearance of 
the parasite (53). 
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To become fully activated T cells require both a primary, Ag- 
dependent signal, and a second, Ag-independent or costimula- 
tory signal. One of the best characterized costimulatory recep- 
tors is CD28, which is expressed by close to 100% of mouse 
CD4^ and CD8'^ T cells. In contrast, only 80% of human 
CD4'^ and 50% of human CD8^ T cells express CD28 (54), 
perhaps accounting for the remarkable efficacy of CTLA-4Ig in 
blocking T cell activation in mice. It will be interesting to see if 
expression of the CD28-related costimulatory molecule ICOS 
segregates with CD28~ T cells in humans. The recent report on 
the identification of a human ICOS deficiency pointed to a fur- 
ther difference between costimulation in mice and humans. 
Whereas in mice the loss of ICOS does not affect either the 
number of mature B cells, their maturation status or their se- 
cretion of IgM (55, 56), the loss of ICOS in humans results in 
a severe reduction in B cell number, maturation status and se- 
cretion of IgM (57). Given the critical role of T cell CD40L in 
T-B interactions it would be interesting to know what the level 
of CD40L expression was on this patient's T cells and whether 
expression of this molecule is dependent upon ICOS signaling 
in humans. Two novel members of the B7 family of costimu- 
latory molecules, B7-H3 and DC-SIGN, have recently also 
been suggested to have different roles in mice and humans 
(Table I). 

P-selectin is constitutively expressed by endothelial cells (EC) 
and mediates leukocyte rolling by interactions with specific 
sugar residues carried by mucins. Interestingly, murine P-selec- 
tin can be strongly up-regulated by inflammatory mediators 
such as TNF and LPS, whereas the human gene is nonrespon- 
sive (58). It is interesting to speculate as to whether E-selectin in 
humans, which is strongly up-regulated by TNF, is the more 
important selectin on human EC for mediating leukocyte 
rolling. 

Once activated, human T cells express MHC class II mole- 
cules whereas murine T cells do not. It has been suggested that 
human T cells can capture, process, and present Ag and that 
they express B7 and may therefore help to amplify an ongoing 
immune response (59, 60). In contrast, Ag presentation by T 
cells may also promote T cell anergy (61) or activation-induced 
cell death. It is not clear why this function is nonessential in 
mice, but it is an attractive hypothesis that it may relate to T cell 
homeostasis and the requirement in humans for maintaining, in 
a limited compartment, a greater diversity of memory T cells for 
a considerably longer period of time than is required in mice. T 
cell homeostasis requires programmed cell death (apoptosis) of 
unwanted cells. Caspase 8 and caspase 10 are downstream of 
death receptors in humans and overlap in some of their func- 
tions (62). Mice lack caspase 10 and the deletion of caspase 8 is 
embryonic lethal. Lack of caspase 8 in humans results in immu- 
nodeficiency, suggesting a role for this effector in lymphocyte 
activation as well as death (63)- Greater redundancy in death 
receptor regulators in humans may relate to the longer lifespan 
and associated increased risk of developing cancer. 

A critical step in activation of a T cell is the generation of a 
sustained calcium flux. In human T cells the inward flow of 
calcium ions is balance by an outward flow of K"*", mediated in 
large part by the Kvl.3 K"*" channel. Inhibitors of this channel 
very specifically block T cell activation in vitro and are being 
pursued as novel immunosuppressive agents (64). However, in 
vivo evidence to support such a function is missing as mouse T 
cells do not express this channel (65). 
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The movement of immune cells into and through tissues is 
coordinated by a huge array of chemokines and chemokine re- 
ceptors and, not surprisingly, differences have emerged between 
the murine and human systems. While it is still too early to say 
definitively what such differences may mean, as there appears to 
be considerable redundancy built into the system, it is worth 
noting what is currendy known. CXCRl is present in humans 
but not in mice (66). The chemokines IL-8 (CXCL8), neutro- 
phil-activating peptide-2 (CXCL7), IFN-inducible T cell 
a-chemoattractant (CXCLll), monocyte chemoattractant 
protein (MCP)-4 (CCL13), HCC-1 (CCL14), hemofiltrate 
CC chemokines-2 (CCL15), pulmonary and activation-regu- 
lated chemokine (CCL18), myeloid progenitor inhibitory fac- 
tor- 1 (CCL23), and eotaxin-2/3 (CCL24/CCL26) have all 
been identified in humans but not in mice. Conversely, CCL6, 
CCL9, lungkine (CXCL15), and MCP-5 (CCL12) have been 
identified in mice but not humans (66, 67). 

Differences in immune system biobg^ 

Multiple sclerosis (MS) provides a fine example of both differ- 
ences and similarities between mouse and human immunology. 
MS is a multifactorial disease that appears to have a large auto- 
immune component (68). Experimental autoimmune (allergic) 
encephalomyelitis is a widely used model for MS that mimics 
the demyelination seen in central and peripheral nerves in MS. 
Several studies have indicated that IFN-yis protective in exper- 
imental autoimmune (allergic) encephalomyelitis as neutraliz- 
ing Abs exacerbate disease, potentially by blocking induction/ 
activation of suppressor activity (69, 70). It was surprising, 
therefore that clinical trials were not successful; indeed they 
were stopped because treatment with IFN-7 was found to ex- 
acerbate disease (4). In contrast, studies in mice suggested that 
blocking VLA-4 {ol^^^ integrin)-VCAM-l interaction might 
help in MS (71) and this has indeed carried through successfully 
into human trials (72). These studies highlight how caution is 
required when extrapolating results from mouse studies to the 
clinic, but suggest that mouse models can successfully predict 
some therapies for human disease. 

An interesting difference exists in the appearance of delayed- 
type hypersensitivity (DTH) reactions in mice and humans. In 
humans, around four hours after Ag challenge neutrophils can 
be seen forming a "cuff' around the venules. This is followed by 
a dramatic influx of mononuclear cells, such that by 24-48 h 
the lesion is mostly mononuclear with a mix of T cells and mac- 
rophages (73). Paradoxically, in mice where the peripheral 
blood has a relative paucity of neutrophils compared with hu- 
mans, the DTH response tends to be more neutrophil rich (74). 
In addition, elicitation of murine DTH requires much higher 
concentrations of Ag than in humans. 

There is now considerable evidence that human EC can 
present Ag to resting memory CD4"^ and CDS"^ T cells (75- 
77), whereas in mice, CD8"'' T cells can be activated by EC 
(78), but CD4^ T cells cannot (B. Rosengard, personal com- 
muniction). As CD4'^ T cell-mediated activation of macro- 
phages is thought to drive human DTH responses the sugges- 
tion has arisen that in humans, Ag transport to lymph nodes by 
Langerhans cells may not be necessary as EC may trigger the 
recall response at the site of challenge. A teleological argument 
can be made for the need to present Ag locally in humans but 
not necessarily in mice. It has been estimated that once a cell 
enters the lymphatics in humans it takes -^24 h to return to the 
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circulation if it is not retained in a node (79). Based on the 
higher cardiac output of mice as a proportion of their total 
blood volume compared with humans (5-10 ml/min, 2 ml total 
volume in mice; 5 L/min, 5 liter total volume in humans) it is 
reasonable to suppose that return of lymph is at least as fast in 
mice as it is in humans. Then it becomes a matter of scale. We 
calculate that an Ag traveling from toe to an inguinal lymph 
node in the groin should take ~ 12 h in humans and 20 min in 
mice. As the human DTH response begins around 4 h after sec- 
ondary Ag challenge, it is possible that triggering of recall re- 
sponses may occur by different mechanisms in mice and hu- 
mans, involving draining of Ag to lymph nodes in mice, 
compared with local Ag presentation in humans. 

Both human and mouse EC express MHC class I, Most hu- 
man EC in vivo also constitutively express MHC class II mol- 
ecules, whereas mouse EC do not (80), Thus, human EC can 
present Ag to CD4^ T cells, as well as to CDS T cells. A major 
costimulatory molecule on human EC is CD 5 8 (LFA-3), a li- 
gand for CD2 (81). Mice do not have the gene for CD 5 8, 
which arose by CD2 gene duplication after the two lineages 
split. In mice the CD2 ligand is CD48; however, the distribu- 
tion of this molecule differs from that of CD 5 8 in humans, and 
the two-dimensional affinity for the mouse CD2-CD48 inter- 
action is 40- to 50-foId lower than that for human CD2-CD58 
interactions (82). In addition, gene deletion and Ab blocking 
studies have shown that mouse T cell activation is much less 
dependent on CD2 interactions than is the case for human T 
cells. Human EC also express CD40 and the ICOS ligand GL- 
50, whereas murine EC do not (83, 84). 

The Ag presenting ability of human EC may have significant 
consequences for transplantation. For example, in many rodent 
models vascularized grafts are tolerizing, whereas such grafts are 
rapidly rejected in humans (5). Numerous studies have shown 
that purging mouse tissues of CD45'^ cells before transplanta- 
tion dramatically extends the life of the graft, sometimes even 
inducing tolerance. In sharp contrast, purging human tissues of 
CD45'^ cells provides no benefit as the grafts are still rapidly 
rejected (6). In addition, the establishment of microchimerism 
in mice has been quite successful in inducing tolerance, whereas 
this has not been the case in humans (7), The implication of 
these findings is that there are major differences between mice 
and humans in their responses to grafted tissue, and that this 
may relate to the Ag-presenting ability of human, but not mu- 
rine, EC. 

Natural selection and the immune system 

Most, if not all, of the differences we have noted between mouse 
and human immunology have likely become fixed during the 
65 million years since our divergence because they provide some 
selective advantage. In all likelihood these adaptations are in re- 
sponse to new pathologic challenges from microorganisms, 
which have very short generation times and often have high mu- 
tation rates (85). In consequence, mammalian MHC molecules 
and NK cell inhibitory receptors have also evolved rapidly (9, 
86). It should also be noted that some changes may be fixed 
primarily as a result of the nonimmune role of that gene — reit- 
erative use of genes is a well recognized phenomenon during 
development, a good example being the important nonimmu- 
nological role of VCAM in chorioallantoic fusion and placen- 
tation (87). Thus, both the immune system as a whole, and 



some of its individual components (B and T cell repertoires) are 
shaped by natural selection. 

Mice evolved in a quite different environment to humans and 
have been exposed to different Ags and their immune systems 
might therefore be expected to have evolved in subdy different 
ways. Mice not only live in different ecological niches, they are 
also much smaller and have significantly shorter lifespans. 
These are not trivial differences — as noted above, leukocyte 
transit times may be quite different in mice and humans, and a 
larger, broader repertoire of B and T cells must be maintained 
for many years in humans (up to 50 mouse lifetimes). Thus 
many changes may be to accommodate increased size of the or- 
ganism, to regulate larger and more diverse pools of Ag-specific 
cells, and to provide greater checks and balances to combat the 
increased somatic mutation load that longer-lived animals nec- 
essarily carry. 

Summary 

While it is hard to draw global conclusions about the signifi- 
cance of differences between mouse and human immunology, it 
is worth considering the possibility that any given response in a 
mouse may not occur in precisely the same way in humans. 
While caution in interpreting preclinical data obtained in mice 
is clearly warranted, we believe that with these caveats in mind, 
mice will continue to be the premiere in vivo model for human 
immunology and will be absolutely essential for continued 
progress in our understanding of immune system function in 
health and disease. 
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IL-IO fails to abrogate experimental autoimmune encephalomyelitis. 



Cannella B , Gao YL , Brosnan C , Raine CS . 

Department of Pathology (Neuropathology), Albert Einstein College of Medicine, 
Bronx, NY 10461, USA. 

Mice adoptively-sensitized to develop chronic relapsing experimental 
autoimmune encephalomyelitis (EAE), a model for the human demyelinating 
condition, multiple sclerosis (MS), were given injections of recombinant human 
IL-10 at various timepoints post-sensitization in an attempt to abrogate disease 
development. IL-10 is a Th2 immunomodulatory cytokine with known down- 
regulatory effects upon Thl responses and macrophages. Contrary to a previous 
report on EAE and the predicted outcome, after repeated experiments, IL-10 was 
found to elicit a worsening or no effect upon EAE in the mouse. Animals were 
studied clinically, histopathologically and inmiunocytochemically. On no 
occasion was disease ameliorated by IL-10. Pretreatment with IL-10 of lymph 
node cells used to transfer EAE had no effect upon disease outcome, indicating 
that the cells were already committed effectors. Administration of anti -IL-10 
monoclonal antibody before onset of signs had no effect when given early post- 
sensitization and caused marked worsening when given immediately before onset 
of signs. In the context of this autoimmune demyelinating model, these results 
suggest that IL-10 alone is insufficient to reverse the effector response and indeed 
may serve to enhance the cascade of events in EAE. 
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Summary 

The effectiveness of interleukin 10 (IL-10) in the treatment of autoimmune- mediated central 
nervous system inflammation is controversial. Studies of the model system, experimental auto- 
immune encephalomyelitis (EAE), using various routes, regimens, and delivery methods of 
IL-10 suggest that these variables may affect its immunoregulatoiy function. To study the influ- 
ence of these factors on IL-10 regulation of EAE pathogenesis, we have analyzed transgenic 
mice expressing human IL-10 (hIL-10) transgene under the control of a class II major histo- 
compatibility complex (MHC) promoter. The hIL-10 transgenic mice are highly resistant to 
EAE induced by active immunization, and this resistance appears to be mediated by suppres- 
sion of autoreactive T cell function. Myelin-reactive T helper 1 cells are induced but non- 
pathogenic in the IL-10 transgenic mice. Antibody depletion confirmed that EAE resistance is 
dependent on the presence of the transgenic IL-10. Mice expressing the hIL-10 transgene 
but not the endogenous murine IL-10 gene demonstrated that transgenic IL-10 from MHC 
class Il-expressing cells is sufficient to block induction of EAE. This study demonstrates that 
IL-10 can prevent EAE completely if present at appropriate levels and times during disease in- 
duction. 

Key words: major histocompatibility complex class II promoter-regulated interleukin 10 • 
myelin-reactive T cells • immune regulation • autoimmunity 



IL-10 is an immune regulatory factor that has potential 
therapeutic value for organ-specific autoimmune diseases 
(1). Administration of rIL-10 reduces disease in experimen- 
tal models of diabetes, rheumatoid arthritis, and inflamma- 
tory bowel disease (2-6); however, its utility in autoim- 
mune encephalomyelitis is unclear. Studies using various 
routes, regimens, and delivery methods of rIL-10 have 
yielded conflicting results. In an adoptive transfer model of 
experimental autoimmune encephalomyelitis (EAE), intra- 
venous injection of rIL-10 exacerbated rather than sup- 
pressed disease (7). In contrast, subcutaneous rIL-10 treat- 
ment partially inhibited disease in rat and mouse models of 
EAE induced by active immunization (8,9). In these active 
immunization models, daily rIL-10 treatment regimens 
from the day of immunization to just before the expected 
day of disease onset were necessary for significant EAE in- 
hibition. These results suggest that systemic rIL-10 treat- 
ment may inhibit EAE either by suppressing in vivo devel- 
opment or migration of encephalitogenic Thl cells or by 



inhibiting the inflammatory effector function of these Thl 
cells. Recent studies of targeted delivery of IL-10 to the 
central nervous system (CNS) have also yielded conflicting 
results. Intracranial injection of soluble rIL-10 or plasmids 
containing a retroviral promoter-directed IL-10 cDNA at 
day 12 after active immunization did not suppress EAE 
(10). Adoptive transfer of retroviral transduced myelin basic 
protein (MBP) -specific T cell hybridoma also did not in- 
hibit EAE (11). In contrast, antigen-inducible IL-10 pro- 
duced by proteolipid protein (PLP) -specific T memory 
cells suppressed EAE when adoptively transferred to PLP 
peptide-immunized mice 1 d before expected disease onset 
(12). These results suggest that the timing of IL-10 pro- 
duction and possibly the localization of IL-10 may criti- 
cally affect its immunoregulatory function. 

To study the influence of these factors on IL-10 regula- 
tion of EAE pathogenesis, we have analyzed transgenic 
mice expressing human IL-10 (hIL-10) under the control 
of a class II MHC promoter. hIL-10 is fully active in mice 
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(1), and the species difference allows for the specific detec- 
tion and depletion of transgenic and endogenous IL-10. In 
the present study, we have demonstrated that hIL-10 trans- 
genic (hIL-lOTg) mice are resistant to EAE induced by ac- 
tive immunization and that this resistance is a consequence 
of a reduced autoreactive Thl response. 

Materials and Methods 

Mice. SJL/J and CSJLFl/J mice were obtained from The 
Jackson Laboratory. BALB/cAnN mice were obtained from 
Taconic Farms. Inc. hIL-lOTg mice were constructed using a 
hIL-10 cDNA sequence regulated by a class II MHC Ea pro- 
moter sequence (13). For this study, male hemizygous BALB/c 
IL-lOTg mice were backcrossed with female BALB/cAnN mice 
to generate hIL-lOTg and nonTg littermates. SJL X BALB/c Fl 
transgene-positlve and nonTg littermates were generated by 
crossing male hemizygous hIL-lOTg BALB/cAnN mice with fe- 
male SJL/J mice. To generate mice expressing the hIL-10 trans- 
gene but lacking endogenous murine IL-10, the hIL-10 transgene 
was backcrossed onto the BALB/cAnN IL-IOKO background. 
Male BALB/cAnN hemizygous hIL-lOTg IL-IOKO mice were 
bred with female BALB/cAnN IL-IOKO mice to produce trans- 
gene-positive and nonTg Uttermate mice on the IL-IOKO back- 
ground. 

Induction of EAE. Mouse spinal cord homogenate (MSCH) 
was prepared from 8-12-wk-old BALB/cAnN mice as previ- 
ously described (14). Bovine MBP was obtained from Sigma 
Chemical Co. For active induction of EAE. mice were immu- 
nized intradermally with 2.5 mg of MSCH and 200 \Lg of Myco- 
bacterium tuberculosis (strain H37RA; Difco) at days 0 and 7 as de- 
scribed (14). Mice were examined and scored for clinical signs of 
EAE, and routine histo pathological analyses of hematoxylin and 
eosin- or Luxol fast blue-stained paraffin sections were per- 
formed in a masked fashion as described (14). 

Antibodies. All mAb were purified by column chromatogra- 
phy from either ascites fluid or tissue culture supematants and 
contained <4 EU endotoxin/mg protein. IBI.2 is a blocking 
mAb reactive with mouse IL-10 receptor used in in vitro cultures 
(15). The following mAbs were used in vivo: JES3-9D7 (rat 
IgGl), a hIL-lO-specific mAb that does not cross-react with 
mouse IL-10 (16); and GL113 (rat IgGl), an isotype control mAb 
reactive with p-galactosidase. For in vivo mAb treatment, mice 
were injected i.p. with 1 mg mAb/dose in 100 fxl of PBS. Each 
animal received three injections, once per week. 

Ceil PuriflcaUon. CD4+ draining lymph node (DLN) cells 
were purified by positive selection using MACS® L3T4 micro- 



beads and MinlMACS® columns (Miltenyi Biotec). The micro- 
bead -labeled cell suspensions were processed through the mag- 
netic column twice, and the purity was routinely >95% CD4 + 
cells. To prepare T cell-depleted AFC, spleen cells from naive 
CSJLFl/J mice were depleted of CD4 (GKL5, 20 M-g/ml)- and 
CDS (2-43, 20 ^jig/ml) -staining cells by negative selection using 
anti-rat Ig-coated Dynabeads (Dynal) . 

Cell Culture and Cytoicine Detection. Mice were immunized 
with MSCH following the same procedure as for active induc- 
tion of EAE. 10 d after immunization, DLN cells (4 X lOVml) 
and purified CD4+ DLN cells (lOVml) were stimulated with 50 
fjig/ml of MBP as described (14). Anti-IL-10 receptor mAb 
(1B1.2, 10 ^Jig/ml) was added to cultures where indicated. Cul- 
ture supernatants were harvested after 60 h and levels of IFN-7 
and IL-4 were determined using a sandwich ELISA technique as 
described (14). 

Results 

Transgenic IL-10 Prevents Induction of EAE. For the ini- 
tial study, hIL-lOTg mice and nonTg littermate controls 
on the BALB/cAnN genetic background were compared 
for EAE susceptibility. Although BALB/c mice are gener- 
ally considered to be EAE resistant, it has been reported 
that BALB/cAnN and BALB/cByJ substrains are suscepti- 
ble to actively induced EAE (17). Consistent with these 
results, EAE was reproducibly induced in these strains of 
mice by intradermal immunization on days 0 and 7 with 
MSCH in CFA (84%, n = 86; average EAE grade = 3.2; 
day of disease onset = 17-30 d after immunization). With 
this immunization, hIL-lOTg mice were completely EAE 
resistant (0/23 mice), whereas control littermate mice were 
highly EAE susceptible and exhibited the same EAE severity 
as wild-type BALB/cAnN and SJL/J mice (Fig. 1, A and B). 
No inflammatory infiltrates were found in the spinal cords of 
EAE-resistant Tg mice, whereas intense inflammatory infil- 
trates and demyelination were found in the white matter of 
EAE-susceptible nonTg littermate mice (Fig. 2). 

To confirm these findings in a more conventional model 
of EAE, hemizygous male BALB/c hIL-lOTg mice were 
crossed with SJL/J mice to generate transgene-positive 
and nonTg littermates. These Fl mice were compared to 
CSJLFl/J, which have a highly predictable disease onset at 
14 d after immunization with MSCH and a relatively 
strong in vitro recall response to MBP. Transgene-positive 
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Figure 1. hIL-lOTg mice are 
EAE resistant. (A) Circles repre- 
sent peak severity of clinical dis- 
ease for individual mice on the 
Indicated genetic backgrounds. 
Data compiled from three sepa- 
rate experiments. (B) Average se- 
verity score for hIL-lOTg mice 
on the BALB/cAnN background. 
One representative experiment of 
five is shown. (C) Average sever- 
ity score for hIL-lOTg mice on 
SJL/J X BALB/cAnN Fl back- 
ground. One representative ex- 
periment of four is shown. 
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Figure 2. Histology of spinal cords of hIL-lOTg mice and nonTg lit- 
termates immunized to induce EAE. (A) hIL-lOTg mice were EAE resis- 
tant and spinal cords showed no inflammatory infiltrates or plaques of de- 
myelination in the white matter (normal white matter outlined by 
arrows). (B) NonTg littermates were highly EAE susceptible and showed 
inflammatory infiltrates and extensive demyelination in the white matter. 
Luxol fast blue stain with hematoxylin counterstain. X 125. 

SJL/J X BALB/cAnN Fl mice had a low EAE incidence 
(4/55 mice) and disease severity compared to nonTg litter- 
mate control mice (43/46 mice), which were highly sus- 
ceptible to EAE. The nonTg littermates exhibited an EAE 
severity and disease course similar to wild-type CSJLFl/J 
mice (Fig. 1 C). No difference in EAE severity or day of 
disease onset was observed when comparing CSJLFl/J 
with SJL/J mice (data not shown). 

Transgenic IL-10 Must Be Present during the Induction of 
Disease to Prevent EAE. To show that disease resistance 
was due to the direct effects of the transgenic IL-10, immu- 
nized transgenic SJL/J X BALB/cAnN Fl mice were in- 
jected with either JES3-9D7 mAb (hlL-lO-specific mAb 
[16] that does not cross-react with mouse IL-10) or GL113 
mAb (an isotype-matched mAb control). Tg mice receiv- 
ing the first anti-hIL-10 mAb injection on the day of im- 
munization were susceptible to EAE, whereas the isotype 
control mAb-injected mice were resistant to EAE (Fig. 3 
A). This result suggests that EAE resistance of hIL-lOTg 
mice was the consequence of hIL-10 present during immu- 
nization, rather than of developmental effects of the trans- 
gene. A consistent delay in the day of disease onset was 
found in the anti-hIL-10 mAb-treated mice compared to 



control littermates (Fig. 3 A). To determine the cause of 
this delay, anti-hIL-10 mAb treatment was initiated 8 d be- 
fore MSCH immunization. With this treatment regimen, 
the EAE clinical grade and day of disease onset for hIL-lOTg 
and control littermate mice were indistinguishable (Fig. 3 B). 
Similar results were obtained when hIL-lOTg mice on the 
BALB/cAnN genetic background were treated with the 
anti-hIL-10 mAb (data not shown). 

MBP-speciric Thl Cells Were Generated Normally in IL-lOTg 
Mice. Three possible mechanisms for the regulatory effect 
of IL-lOTg in EAE are as follows: inhibition of the initial 
development of autoreactive Thl cells, active inhibition of 
Thl cells by IL-10, or immune deviation toward a Th2-type 
response. To test these, the cytokine secretion profiles of 
DLN cells from MSCH-immunized SJL X BALB/c Fl 
hIL-lOTg and control littermate mice were analyzed. 10 d 
after immunization, DLN cells were prepared for culture in 
the presence of MBP or MBP plus anti-IL-10 receptor 
mAb. After 3 d, the culture supernatants were tested for se- 
creted IFN-7 and IL-4. Cells from nonTg littermate mice 
stimulated with MBP secreted higher levels of IFN-7 than 
cells from Tg mice, a result consistent with the association 
of EAE pathogenesis with IFN-7 production (Fig. 4). 
However, when stimulated with MBP in the presence of 
anti-IL-10 receptor mAb, cells from both hIL-lOTg mice 
and littermate controls produced similar levels of IFN-7. 
To eliminate APC differences between hIL-lOTg and 
control littermate mice, CD4+ T cells were purified and 
cultured with irradiated, T-depleted splenocytes from 
CSJLFl/J donor mice. In the absence of APC-derived 
hIL-lOTg, T cells from both hIL-lOTg and control litter- 
mate mice produced equivalent levels of IFN-7 (Fig. 4 B). 
No MBP-specific IL-4 production was detected in cultures 
of DLN cells or CD4+ T cells from hIL-lOTg or control 
littermate mice, suggesting that EAE resistance in the Tg 
mice was not associated with a Th2-type response (data not 
shown). These results support the interpretation that mye- 
lin-reactive Thl cells were induced in the hIL-lOTg mice 
and suggest that their ability to exert an effector function 
was actively suppressed by IL-10 in vivo. 

bIL-lOTg in the Absence of Endogenous Mouse IL-10 Can 
Prevent EAR To assess whether T cell-derived endogenous 
mouse IL-10 was required for EAE resistance, the IL-lOTg 
mice were backcrossed onto an IL-10 null (IL-IOKO) 
background to generate mice that expressed hIL-lOTg but 



Figure 3. Induction of EAE in 
hIL-lOTg mice treated with anti- 




hIL-10 mAb. Days of mAb treatment 
are indicated by arrows. (A) Tg mice 
were injected with anti-hlL-10 mAb 
(1 mg/dose) or isotype-matched mAb 
starting at the day of MSCH immu- 
nization. One representative experi- 
ment out of five is shown. (B) Mice 
were Injected with the mAb starting 
8 d before MSCH immunization. 
One representative experiment out 



Days ?osA Immunization of three Is shown. 
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Figure 4. MBP-specific Thl 
cells are induced in hIL-lOTg 
mice. hIL-lOTg mice (black bar) 
and control litter mate mice (gray 
bar) were immunized twice at 
1-wk intervals with MSCH emul- 
sified in CFA. (A) 3 d after the 
last immunization, DLN cells 
from hIL-lOTg or control litter- 
mate mice were stimulated with 
MBP or MBP plus anti-IL-10 
receptor mAb. One representa- 
tive experiment out of three is shown. (B) CD4+ T cells were purified 
and stimulated In vitro with MBP plus irradiated T cell-depleted spleno- 
cytes from control CSJLFl/J mice for 60 h. The amount of IFN-7 in the 
supernatants was measured by ELISA. One representative experiment out 
of two is shown. The results are the mean of three or four individual 
mice/group ± SEM. 

lacked endogenous mouse IL-10. Because murine T cells 
do not express MHC class II molecules, no T cell-derived 
IL-10 is present in these mice. The hIL-lOTg IL-IOKO 
mice and nonTg IL-IOKO littermates were tested for sus- 
ceptibility to EAE. Transgene-positive IL-IOKO mice, 
which only have MHC class Il-positive cell-derived IL-10, 
were completely resistant to EAE, whereas nonTg IL-IOKO 
littermates were highly susceptible to EAE (Fig. 5). No dif- 
ference in EAE susceptibility was observed when nonTg 
IL-IOKO littermates were compared with BALB/cAnN 
IL-IOKO mice (data not shown). Treatment with anti- 
hlL-lO mAb reversed this protection in the Tg IL-IOKO 
mice, which became as susceptible to EAE as nonTg 
IL-IOKO littermates (Fig. 5). To determine the extent of 
the protection provided by the IL-lOTg in the absence of 
endogenous murine IL-10, the CNS of the three groups 
of mice from Fig. 5 were examined. Intense inflammatory 
infiltrates and extensive demyelination as determined by 
the loss of Luxol fast blue staining were found in the white 
matter of nonTg IL-IOKO littermates, consistent with the 
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Figure 5. hIL-lOTg mice on the IL-IOKO genetic background are 
EAE resistant. (A) Peak severity scores of individual mice treated with 
isotype control mAb or anti-hlL-10 mAb (1 mg/dose) on days 0, 7, and 
1 4 . Results shown are compiled from two separate experiments. (B) Av- 
erage severity score over time for the three groups of mice shown in A. 




B 



Figure 6. Histology of spinal cords of hIL-lOTg mice on the IL-IOKO 
background shown in Fig. 5. (A) NonTg IL-IOKO mice were EAE sus- 
ceptible and showed inflammatory infiltrates and plaques of demyelination 
in spinal cords (arrowheads). (B) hIL-lOTg IL-IOKO mice were EAE 
resistant and their spinal cords showed no inflammatory infiltrates or de- 
myelination. Luxol fast blue stain with hematoxylin counterstain. Xl25. 

clinical disease (Fig. 6 A). In contrast, the CNS of the 
EAE-resistant mice expressing the IL-10 transgene but 
lacking endogenous murine IL-10 were completely free of 
inflammatory infiltrates and demyelination (Fig. 6 B). Exam- 
ination of the CNS of hIL-10 transgene-positive IL-IOKO 
mice treated with anti-hIL-10 mAb showed extensive in- 
flammation and demyelination similar to the pathological 
changes found in the nonTg littermates (data not shown). 
These data suggest that APC production of IL-10 alone, 
despite the complete absence of T cell-produced IL-10, is 
sufficient to protect mice from EAE. 



Discussion 

In this study, we have demonstrated that Tg mice ex- 
pressing hIL-10 under the control of the MHC class II pro- 
moter are completely resistant to induction of EAE and 
that this resistance is independent of T cell-derived IL-10. 
The use of human IL-10, which has similar specific activity 
to murine IL-10 (1.2), allowed for the specific measurement 
and inhibition of Tg and endogenous IL-10. Treatment of 
MSCH-immunized mice with neutralizing anti-hIL-10 at 
the time of immunization rendered transgene-positive mice 
fully susceptible to EAE, although the disease onset was 
delayed by several days (Figs. 3 and 5). Treatment of 
hIL-lOTg mice with anti-hIL-10 mAb 8 d before MSCH 
immunization resulted in kinetics of disease onset identical 
to that of nonTg littermates, suggesting that the elevated 
IL-10 level before immunization can also influence the re- 
sponse to antigen, consistent with our previous study show- 
ing that IL-10 has significant effects on the function of 
APC prior to antigen-induced activation (18). Further- 
more, APC-derived IL-lOTg is sufficient for EAE pre- 
vention, as shown by the resistance of transgene-positive 
BALB/c mice homozygous for a mutated mouse IL-10 
gene (Fig. 5). Therefore, IL-10 need not be provided by T 
cells to prevent EAE. 
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Several observations suggest that myelin-reactive Thl 
cells are induced in hIL-lOTg mice despite the absence of 
disease. Similar levels of IFN-7 were produced by purified, 
MBP-specific CD4+ cells from EAE-resistant hIL-lOTg 
mice and EAE-susceptible nonTg littermates when stimu- 
lated in vitro with wild-type APC and MBP (Fig. 4). No 
MBP-induced IL-4 was produced by T cells from Tg or 
nonTg mice, suggesting that EAE resistance was not associ- 
ated with a Th2 response. These results are consistent with 
a report showing that, although systemic treatment with 
rIL-10 decreased the severity of EAE in SJL mice, PLP- 
specific Thl cells were induced and no PLP-specific Th2 
cells were found (9). These data are also in agreement with 
the original finding that IL-10 does not substantially inhibit 
the development of Thl cells but does inhibit their effector 
function (1, 19). 

EAE in BALB/c and SJL X BALB/c Fl mice is charac- 
terized by an intense inflammatory infiltrate found pre- 
dominantly in the white matter of the CNS and occasion- 
ally extending into the gray matter region, causing neuronal 
destruction and death (not shown). The absence of an in- 
flammatory infiltrate in the CNS of EAE-resistant Tg mice 
(Figs. 2 and 6) suggests that either autoreactive T cells did 
not enter the CNS or the few T cells entering the CNS 
were not able to recruit additional inflammatory cells. In 
vitro, IL-10 has been shown to inhibit antigen presentation 
and production of IL-L IL-6, TNF-a, CD80. and CD86 
by LPS- and/or IFN-7-activated microglia (20, 21). 
Therefore, it is possible that IL-lOTg in the CNS may in- 
hibit microglia antigen presentation and activation of mye- 
lin-reactive Thl cells. 

Several parameters, including the amount of IL-10 and 
the mode of gene regulation in specific local regions, may 



account for the effectiveness of IL-lOTg in inhibition of 
EAE. hIL-10 was detectable in the serum of the hIL-lOTg 
mice at levels of 400-700 pg/ml (13). In vitro, hIL-10 and 
mouse IL-10 were detected in the lymph node cell cultures 
at similar levels of 2-6 ng/ml (data not shown). Thus, 
IL-lOTg was not present systemically at high levels even 
though it significantly protected mice from EAE. 

Two separate studies have shown that IL-10 regulated by 
lymphocyte-specific promoters can inhibit EAE. Adoptive 
transfer of PLP-specific memory T cells expressing IL-2 
promoter-regulated IL-10 partially reduced or reversed 
disease in PLP-immunized recipient mice (12), FVB X SJL 
Fl mice expressing Tg murine IL-10 under the lympho- 
cyte-specific CD2 promoter are resistant to EAE induced 
by PLP immunization (22). These results and the findings 
in the present study suggest that, in addition to lympho- 
cyte-derived IL-10, MHC class Il-positive cell-derived 
IL-lOTg, which may be upregulated early in an inflamma- 
tory response, can dramatically protect mice from EAE. 
Furthermore, our preliminary results show that adoptive 
transfer of MBP-specific encephalitogenic Thl cells can 
not induce EAE in hIL-lOTg mice, suggesting a role for 
local inhibition of Thl cells by MHC class II promoter- 
regulated IL-lOTg within the CNS (data not shown). 
These studies suggest that IL-10, applied with appropriate 
localization, in appropriate amounts, and at the appropriate 
time, can completely protect animals from EAE, despite 
their generation of potentially pathogenic Thl -like cells. 
This model should permit a more detailed understanding of 
the conditions necessary for IL-10 inhibition of autoim- 
mune-mediated CNS inflammation, as this insight will pro- 
vide information about how to use IL-10 in therapeutic 
situations. 
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Abstract 

Myelin-specific encephalitogenic T cells, when passively transferred into rats or mice, cause an experimental autoimmune disease. 
Previous studies by our group have shown that (a) the same cells also significantly reduce post-traumatic degeneration in these animals after 
injury to the central nervous system, (b) this beneficial autoimmunity is a physiological response, and (c) animals differ in their ability to 
resist injurious conditions, and the ability to resist post-traumatic degeneration correlates with resistance to the development of an 
autoimmune disease. Here we show that optic nerve neurons in both resistant and susceptible rat strains can be protected from secondary 
degeneration after crush injury by immunization with myelin basic protein emulsified in complete or incomplete Freund's adjuvant. We 
provide evidence that potentially destructive autoimmunity (causing autoimmune disease) and beneficial autoimmunity (causing improved 
neuronal survival) both result from activity of the same myelin-specific, proinflammatory Thl cells. We ftirther show that following passive 
transfer of such Thl cells, the expression of their beneficial potential depends on the activity of an additional T cell (CD^ population. By 
identifying the additional cellular component of autoimmune neuroprotection, we may be able to take meaningftil steps toward achieving 
neuroprotection without risk of accompanying autoimmune disease. 
© 2002 Elsevier Science B.V. All rights reserved. 

Keywords: Myelin specific Thl cell; Post-traumatic protective autoimmunity; Neuroprotection 



1. Introduction 

Autoimmunity has long been viewed as a destructive 
response to harmful self-components. However, our 
research group recently provided evidence that autoinmiun- 
ity is the body's endogenous response to a central nervous 
system (CNS) injury, and that its purpose is beneficial 
(Schwartz and Kipnis, 2001; Yoles et al., 2001). This 
conclusion is based on experimental findings in rodents, 
demonstrating that (a) passive transfer of encephalitogenic 
(disease-inducing) T cells reactive to myelin basic protein 
(MB?) reduces post-injury neuronal losses relative to those 
of controls (Butovsky et a!., 2001; Hauben et al., 2000a,b; 
Moalem et al., 1999, 2000b); (b) immune neuroprotection 
can also be exerted by transfer of autoimmune T cells that 
recognize non-encephaiitogenic epitopes (Kipnis et al., 
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2000; Moalem et a!., 1999); (c) the beneficial effect of 
these autoreactive T cells is not merely the result of an 
experimental manipulation, but is a physiological response 
to CNS insult (Schwartz and Kipnis, 2001; Yoles et al., 
2001); and (d) the ability to spontaneously exhibit this 
endogenous autoimmune neuroprotection varies among 
individuals and is directly correlated to the individual's 
genetically determined resistance to the development of 
the transient monophasic autoimmune disease known as 
experimental autoimmune encephalomyelitis (EAE) (Kipnis 
et ai,, 2001; Lundberg et al., 2001; Schwartz and Kipnis, 
2001). 

In view of these findings, we were interested in deter- 
mining the nature of the relationship between encephalito- 
genic and beneficial autoimmune T cells. We also wanted to 
find out whether the two functions (disease induction and 
neuroprotection) are served by the same cells, and if so, 
what makes them encephalitogenic in certain circumstances 
and beneficial in others (Cohen and Schwartz, 1999; Hafler 
and Weiner, 1987; Hohlfeld et al., 2000; Steinman, 2001; 
Wekerle, 1998). 
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In this Study, we show that induction of an autoimmune 
disease is not a necessary condition for autoimmune neuro- 
protection. Thus, for example, immunization of susceptible 
strains of rats or mice with MBP emulsified in incomplete 
Freund's adjuvant (IFA) was found to confer neuroprotec- 
tion without causing disease development. We further show 
that the same T cell population participates both in the 
manifestation of autoimmune disease symptoms and in 
beneficial autoimmunity. However, the passive transfer of 
autoimmune T cells (Thl), in order to have a beneficial 
outcome, was found to require the participation of the 
injected Thl cells directed to myelin antigens and of an 
additional CD4'^ T cell population of the recipient. Further- 
more, the injected Thl cells in order to display neuro- 
protection should be viable autoreactive T cells, as 
demonstrated by the failure of injection of lethally irradiated 
T cells to improve neuronal survival. 

2. Materials and methods 

2.7. Animals 

Inbred adult female Lewis and Sprague-Dawley (SPD) 
rats, adult wild-type C57B1/6J and Balb/c mice, and trans- 
genic C57B1/6J nuinu mice (devoid of mature T cells) were 
supplied by the Animal Breeding Center of The Weizmann 
Institute of Science. Animals were handled according to the 
regulations formulated by lACUC (Institutional Animal 
Care and Use Committee). 

2.2. Antigens 

MBP fi-om guinea pig spinal cord and ovalbumin (OVA) 
were purchased from Sigma (St. Louis, MO). MBP peptides 
MBP 51-70 (APKRGCGKDSHTRTTHYG) and MBP 87- 
99 (VHFFKNIVTPRTP) were synthesized using 9-fluore- 
nylmethoxycarbonyl technique with an automatic multiple 
peptide synthesizer (AMS422; ABIMED, Langenfeld, Ger- 
many) at the Weizmann Institute of Science. The encepha- 
litogenic peptide myelin oligodendrocyte glycoprotein 
(MOG) 39-48 was synthesized at The Weizmann Institute 
of Science. 

2.3. Antibodies 

Mouse anti-rat CD4 antibodies conjugated to phycoery- 
thrin and mouse anti-rat CDS antibodies conjugated to 
fluorescein isothiocyanate were purchased from Serotec 
(Oxford, UK). 

2.4. Optic nerve crush in rats and mice 

The optic nerve was crushed as previously described in 
detail (Yoles and Schwartz, 1998). Using a binocular 
operating microscope, we anesthetized the animals and 



exposed their right optic nerves. In rats, we used calibrated 
cross-action forceps to inflict a moderate or severe crush 
injury on the optic nerve, 1-2 mm from the eye. The 
severity of the injury determines the number of directly 
injured neurons. To assess neuroprotection, we inflicted a 
moderate crush injury on the optic nerve in Lewis rats 
(severe crush in this strain leaves almost no viable retinal 
ganglion cells (RGCs) because of poor endogenous neuro- 
protection) and a severe crush in SPD rats. To assess 
systemic and local inflammatory effects, we inflicted a 
severe crush in both strains. In mice, we inflicted a severe 
crush injury on the intraorbital portion of one optic nerve, 
leaving the contralateral nerve undisturbed. 

2.5. Measurement of secondary neuronal degeneration in 
rats 

Secondary degeneration of optic nerve axons was as- 
sessed by retrograde labeling of RGCs. This was done by 
the application, 2 weeks after crush injury, of the fluorescent 
lipophilic dye 4-(4-(didecylamino)styryl)-A^-methylpyridi- 
nium iodide (4-Di-lO-Asp) (Molecular Probes Europe, Lei- 
den, The Netherlands) distally to the site of lesion, as 
previously described (Yoles and Schwartz, 1998). 

2.6. Retrograde labeling of retinal ganglion cells in mice 

This procedure was performed as previously described 
(Schori et al., 2001). The neurotracer dye FluoroGold (5% 
solution in saline; Fluorochrome, Denver, CO) was injected 
into the anesthetized mouse (1 \i\ at a rate of 0.5 |il/min in 
each hemisphere) using a Hamilton syringe, at a depth of 2 
mm from the exposed brain surface, 2.92 mm posterior to 
the bregma and 0.5 mm lateral to the midline. One week 
after crush injury, the mice were killed and their retinas were 
detached and prepared as flattened whole mounts in 4% 
paraformaldehyde solution. Labeled cells from four to six 
selected fields of identical size (0.7 mm^) were counted. 

2. 7. Enzyme-linked immunosorbent assay 

Anti-MBP T cells were grown for 1 week in a propaga- 
tion medium, then washed with phosphate-buffered saline 
(PBS) and resuspended in stimulation medium. The T cells 
(0.5x10^ cells/ml) were incubated, in the presence of 
irradiated thymocytes (10^ cells/ml), with ConA (1.25 
ml), or with MBP antigen (10 fxg/ml), or with no antigen, in 
stimulation medium at 37 °C, 98% relative humidity and 
10% CO2. After 48 h, the cells were centrifuged and their 
supematants were collected and sampled according to the 
standard sandwich ELISA protocol for IFN-7 and IL-10 
(R&D Systems, Minneapolis, MN). The plates were devel- 
oped using a 3,3',5,5'-tetramethyl-benzidine liquid substrate 
system (Sigma). The reaction was stopped by addition of 
1 M H3PO4, and the optical density was determined at 
450 nm. 
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2.8. Tcell lines 

T cell lines were generated from draining lymph node 
cells obtained from Lewis rats immunized with the relevant 
antigens, as previously described (Moalem et al., 1999). 

2.9. FACS analysis ofCD4^ and CD8^ T cells 

Cells were immunostained according to the manufactur- 
er's instructions and were resuspended in 0.4 ml of 1% 
paraformaldehyde and analyzed by FACSsort (Becton- 
Dickinson), with 10,000 events scored. In single-color 
analysis, positive cells were defined as cells with higher 
immunofluorescence values, on a logarithmic scale, than 
those of control cells incubated with isotype antibodies as 
a control. The cells were scored from a region defined 
according to physical parameters that indicate the size 
(forward scatter) and granularity (side scatter) of lympho- 
cytes, and were gated for staining with anti-CD4 and anti- 
CD8 antibodies. 

2.10. Preparation of splenocytes 

Donor splenocytes from rats (aged up to 10 weeks) were 
obtained by rupturing the spleen and following conventional 
procedures. The splenocytes were washed with double- 
distilled water to eliminate red blood cells. Cells were run 
on a gradient of LSM® (Cappel, Aurora, OH) according to 
the manufacturer's instructions. Cells from the interphase 
were washed with PBS and counted. 



2.11. Enrichment of mouse CD-positive T cells from 
splenocytes 

CD4'*" T cells were purified using the StemSep™ method 
for separation of murine cells (StemCell Technologies, 
Vancouver, BC, Canada). Splenocytes were isolated as 
described above and incubated with monoclonal antibodies 
CDl lb (MAC-1), CD45R (B220), and CDS, myeloid differ- 
entiation antigen (Gr-1), and erythroid cells (THRU 9). This 
"depletion cocktail" is tailored for enrichment of CD4'^ T 
cells (we achieved a purity of - 80%). Cells were separated 
using the standard StemCell™ protocol, using a magnetic 
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Fig. 1. Active immunization with MBP or MBP-derived peptides has a 
neuroprotective effect in both susceptible and resistant rat strains: 
susceptible Lewis and resistant SPD rats were immunized with 100 of 
MBP or with PBS emulsified in (a) complete Freund's adjuvant (CFA) or 

(b) incomplete Freund's adjuvant (IFA), 1 week before being subjected 
unilaterally to severe (a) or moderate (b) optic nerve crush injury (n=10- 1 2 
rats in each group), (c) Lewis rats were immunized with 100 [ig of a cryptic 
(51-70) or a dominant (87-99) epitope of IVTBP, or with PBS emulsified in 
CFA, 1 week before being subjected unilaterally to severe optic nerve crush 
(n=10- 12 rats in each group). To assess secondary degeneration, 2 weeks 
after injury, we applied the neurotracer dye 4-Di-lO-Asp distally to the 
injury site, and 5 days later the rats were killed and their retinas were 
excised and flat-mounted. Labeled RGCs (representing surviving fibers), 
from four fields located at approximately the same distance from the optic 
disk in each retina, were counted under the fluorescence microscope. The 
neuroprotective effect (assessed by the number of neurons that survived the 
injury) of prior immunization with MBP emulsified in CFA (a) or IFA (b) 
was significantly greater than that of injection with PBS in the susceptible 
Lewis rats (P<0.001 or P<0.01, respectively, Student's Mest) as well as in 
the resistant SPD rats (/*<0.001; P<0.01 respectively). The neuroprotective 
effect of prior immunization with the dominant epitope emulsified in CFA 

(c) was significantly greater than that of injection with PBS (P<0.01; 
Student's /-test) whereas immunization with the cryptic epitope was 
significant relative to PBS injection only when tested by a one-tailed 
Student's Mest (P=0.082 and P=0.041 for two-tailed and one-tailed 
Student's Mest, respectively). 
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cell depletion technique. Recovered cells were not labeled 
with antibody. 

2.72. In vitro proliferative response of splenocytes 

Splenocytes prepared from treated rats (quadruplicate 
samples for each rat) were assayed in 96-well plates. 
Each well contained 5x10^ cells and antigens, as 
described in Results. When T cells were to be used as 
antigens, they were lethally irradiated (2000 rad) before 
use. The cells were cultured in 0.1 ml of proliferation 
medium for 48 h at 37 °C in humidified air with 7.5% 
CO2. Cultures were pulsed with ["^HJ-thymidine for the 
last 18 h and then harvested by a multi -harvester on 
fiberglass filters. Thymidine incorporation was measured 
in a liquid scintillation counter. 

2 A 3. Clinical score for experimental autoimmune disease 

Symptoms of EAE were evaluated and graded on a 5- 
point scale: 0.5, loss of tail tonus; 1, tail paralysis; 2, gait 
disturbance; 3, hind limb paralysis; 4, tetraparesis; 5, 
death. 



3. Results 

5.7. Active immunization with myelin basic protein 
emulsified in incomplete or complete Freunds adjuvant 
protects neurons from secondary degeneration 

Previous studies in our laboratory have shown that 
autoimmune T cells reactive to MBP confer neuroprotec- 
tion when injected systemically into recipients with a 
CNS injury (optic nerve crush or spinal cord contusion), 
despite the fact that the treated animals also develop the 
transient autoimmune disease EAE. Here we show that 
neuroprotection can also be induced by active immuniza- 
tion of EAE-susceptible (Lewis) rats with MBP emulsi- 
fied in complete Freund's adjuvant (CPA). Similar active 
immunization of the EAE-resistant SPD rats conferred 
neuroprotection (Fig. la). To verify that it is possible to 
obtain neuroprotection without inducing EAE in Lewis 
rats, we immunized rats of both strains with MBP 
emulsified in incomplete Freud's adjuvant (IFA). In both 
cases, a neuroprotective effect, without EAE development, 
was obtained (Fig. lb). 

We ftirther examined whether treatment efficacy would 
be affected by the nature of the myelin-derived peptide. A 
neuroprotective autoimmune response was demonstrated in 
Lewis rats immunized with the cryptic epitope (51-70) of 
MBP, but the response was not as strong as that in rats 
immunized with the MBP dominant epitope (87-99). The 
latter group of rats, despite developing severe autoimmune 
disease, derived significant benefit from the vaccination 
(Fig. Ic). 



3.2. Autoimmune Thl cells confer neuroprotection on 
damaged neurons only when they act in conjunction with 
additional CD4-positive T cells 

We first examined whether the cells that are neuro- 
protective in EAE-susceptible recipients are the injected 
anti-MBP T cells themselves or endogenous cells evoked 
in response to the injection. 

Normal adult Lewis rats (an EAE-susceptible strain) and 
adult Lewis rats in which the thymus had been excised at 
birth were subjected to unilateral moderate optic nerve 
crush, followed immediately by passive transfer of auto- 
immune anti-MBP helper T cells (mostly Thl cells), a 
population previously shown to be encephalitogenic (Moa- 
lem et al., 1999). Unlike the normal rats, the neonatally 
thymectomized rats received no benefit from the transferred 
of the anti-MBP helper T cells: the numbers of their RGCs 
per square millimeter (meant SEM) were 48 ±8 after the T 
cell transfer and 45 ±3 without the transferred T cells (Fig. 
2a). They did, however, develop EAE (Fig. 2b), as the 
transferred line was encephalitogenic, CD4"^, reactive to 
MBP, and mostly of the Thl phenotype, especially upon 
activation (Fig. 2c-e). When we transferred the MBP- 
reactive T cells into thymectomized Lewis rats along with 
an enriched population of Cm^ T cells (90-95% pure; 
isolated from the spleens of naive Lewis rats; Fig. 2f) a 
significant neuroprotection following optic nerve crush in 
these rats was observed (Fig. 2g). These results thus suggest 
that a CD4 population of the recipient is involved in the 
process of the inmiune neuroprotection in addition to the 
transferred Thl cells. 

The encephalitogenic T cells used in our experiments 
were not cloned, but were derived from a rat primary T cell 
line which expresses a cytokine profile reminiscent of Thl/ 
ThO (Moalem et al., 2000a) (Fig. 2). To verify our assump- 
tion that the same T cell population is active in both 
autoimmune disease induction and immune neuroprotection, 
we conducted a similar experiment in mice, using the EAE- 
susceptible C57BI/6J strain and cloned Thl cells specifi- 
cally directed to the dominant epitope (35-55) of the 
myelin-associated antigen MOG (Fig. 3a). An examination 
of the cytokine content of the Thl clones showed that these 
T cells produce large quantities of IFN-7 but no detectable 
levels of IL-4 (Mizrahi et al., manuscript in preparation). 
Passive transfer of these homologous anti-MOG Thl cells 
into wild-type C57B1/6J mice after optic nerve injury was 
beneficial, resulting in the survival of significantly more 
RGCs than in untreated matched controls (806 ±48 com- 
pared to 599187; /7<0.05; Fig. 3b). No such beneficial 
effect was obtained when the same cells were injected into 
nude (nu/nu) C57B1/6J mice lacking mature T cells 
(398±55 compared to 419±55 in the controls). These 
results provide further evidence that the same population 
of T cells participates in both the beneficial (neuroprotec- 
tive) and the destructive (disease-inducing) autoimmune 
response. They also lend further support to our contention 
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Fig. 3. The transferred autoimmune T cells responsible for evoking 
neuroprotection are Thl cells: (a) Immediately after optic nerve crush 
injury, adult C57B1/6J wild-type mice and C57BI/6J nuinu mice (devoid of 
T cells) were injected with a Thl clone directed against a MOG-derived 
peptide. Injection of T cells into the wild-type mice resulted in increased 
neuronal survival (n=^5 in each group; P<0.05\ Student's /-test) relative to 
that in control mice injected with PBS only. Similar injection of Thl cells 
into the nuInu mice had no effect, (b) Thymidine incorporation assay of the 
T cells shows a strong antigenic specificity of this clone, compared to non- 
antigen mitogenic activation. 

that protective autoimmunity requires the participation of 
myelin-specific Thl cells. It appears, however, that expres- 
sion of the beneficial effect of the injected Thl cells in 
addition to or instead of destruction, requires an additional 
mechanism, supplied by a T cell population that is missing 
in the nude mice. 

3.3. Passive transfer of non-viable T cells fails to promote 
neuronal survival 

The finding that passively transferred myelin-specific 
autoimmune T cells are beneficial in rats and mice only 
when CD4'^ T cells are present in the recipients prompted 
us to examine whether the transferred cells are them- 
selves the active players inducing protection, or are 
needed to evoke a T cell-dependent protective mechanism 
in the recipient. To address this question, we injected the 
optic nerve-injured Lewis rats with encephalitogenic auto- 
immune T cells that had been lethally irradiated. Matched 
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Fig. 4. T cells reactive to myelin basic protein, if not viable, lose their 
neuroprotective effect; T cell vaccination with lethally irradiated cells is not 
sufficient to induce neuroprotection: (a) Injection of viable autologous anti- 
MBP T cells into Lewis rats increased neuronal survival after optic nerve 
injury (Student's /-test; P<0.01 compared with PBS injection), whereas 
injection of lethally irradiated anti-MBP T cells had no such effect (/i=8 - 10 
in each group. Student's Mest; p>0.5). (b) Injection of irradiated and of 
viable T cell lines induced a similar T cell response, measured by a 
proliferation assay specific to the injected T cells (anti- idiotypic response) 
(„=8 - 10 for each T cell treatment). 

injured Lewis rats injected with non-irradiated encephah- 
togenic T cells served as a positive control. Injection of 
the irradiated cells into Lewis rats with an intact thymus 
failed to elicit a neuroprotective response (mean numbers 
of RGCs per square millimeter were 52±4 without the 
injected T cells and 53 ±8 after T cell transfer; Fig. 4a), 
in spite of the fact that this procedure evoke a prolifer- 
ative response directed to the injected inactivated T cells, 
similar to that evoked by injection of viable T cells (Fig. 
4b) (Borghans et al., 1998), 



4. Discussion 

In this study, we showed that Thl cells are needed for 
expression of the beneficial effect of autoimmunity after 
axonal injury in the CNS. We ftirther showed that active 
immunization with an encephalitogenic myelin-related self- 



Fig. 2. The transferred autoimmune T cells reactive to myelin proteins are necessary but not sufficient for immune neuroprotection: the recipient CD4* T cells 
are also required: (a) Anti-MBP T cells (mostly Thl cells) injected immediately after optic nerve crush injury in adult Lewis rats, though strongly 
neuroprotective in normal rats, had no effect if the rats had been thymectomized at birth and therefore were devoid of endogenous T cells (w=8-10 in each 
group; Student's r-test; P>0.5). (b) The injected anti-MBP T cells were examined for expression of CD4 and CDS surface markers by FACS (c) examined for 
expression of cytokines (IFN-7 and IL-10), and (d) assayed for thymidine incorporation to ensure antigen-specific activity, (e) The thymectomized recipients 
developed a monophasic EAE, similar to that seen in normal rats upon injection of the anti-MBP T cells. (0 Co-transfer of autoreactive T cells and naive CD4'' 
Tcells restored the neuroprotective effect (rt=6-8 in each group; P<0.001; Student*s r-test). CD4* Tcells were purified as described in Materials and methods. 
Their purity was found to range from 90% to 95% (a representative level of purification is presented (g)). 
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antigen has a beneficial effect on neuronal survival in rats 
after CNS injury (optic nerve crush). It appears that the 
requirements for neuroprotection and for induction of an 
autoimmune disease (EAE) are not the same, even though 
the activity of myelin-specific Thl cells is common to both. 
Neuroprotection could be achieved under conditions (immu- 
nization with IFA) that did not allow EAE to develop, but at 
the same time a strong autoreactive response (obtained with 
a dominant epitope but not with a cryptic epitope) was 
needed for neuroprotection. For autoimmune disease induc- 
tion the transfer of effector Thl cells alone is sufficient, 
whereas for neuroprotection both the effector Thl cells and 
another population of T cells, namely CY>A^ cells that are 
endogenous to the recipient, are required. 

Previous studies in our laboratory, showing that auto- 
immune T cells reactive to MBP confer neuroprotection on 
the damaged optic nerve, raised a fundamental question: is 
an active autoimmune activity required for neuroprotection 
or do the injected autoimmune T cells increase the regu- 
latory network represented in part by anti-idiotypic T cell 
activity? The results of the present study show that active 
immunization of EAE-susceptible rats with MBP, emulsi- 
fied in either CPA or IFA, has a strong neuroprotective 
effect. Since an autoimmune disease is not induced with IFA 
as emulsifier, it follows that autoimmune disease develop- 
ment is not a prerequisite for manifestation of protective 
autoimmunity. Interestingly, however, rats immunized with 
a dominant epitope of MBP showed significantly better 
neuronal survival than rats immunized with a cryptic MBP 
epitope, suggesting that neuroprotection probably requires 
the presence of a critical number of potent autoreactive T 
cells. These findings, together with others (Butovsky et ai., 
2001; Hammarberg et al., 2000a,b), raised questions about 
the relationship between the T cells that confer neuropro- 
tection and those that cause a disease. Are they the same or 
different, and does either of these T cell populations need 
the participation of other cells for its operation? 

An earlier study from our laboratory showed that after 
CNS injury in an EAE-susceptible (Lewis) strain, passive 
transfer of encephalitogenic T cells specific to myelin- 
associated antigens, in spite of inducing EAE, protects the 
damaged nerve from secondary neuronal degeneration 
(Hauben et al., 2000a; Moalem et al., 1999). In the present 
work the same cells, when injected into Lewis recipients 
devoid of mature T cells (due to neonatal thymectomy), 
were found to induce EAE, but without any neuroprotective 
benefit to the injured neural tissue. When these autoimmune 
T cells were co-injected with homologous purified CT>A^ T 
cells into the thymectomized Lewis recipients, their benefi- 
cial effect was restored. No neuroprotection was observed, 
however, if the transferred cells were lethally irradiated, 
although the transferred cells were still capable of inducing 
a proliferative T cell response similar to that obtained with 
live transferred T cells. We conclude that passive transfer of 
live autoimmune T cells can beneficially affect the survival 
of injured neural tissue provided that an additional T cell 



population (004"^), endogenous to the recipient, is also 
present. The nature of this population and their role in 
protective autoimmunity is currently under investigation. 

The results of this study ftarther show that the bene- 
ficial outcome of an autoimmune T cell response is 
mediated by Thl cells. Injection of Th2 cells does not 
induce neuroprotection (Mizrahi et al., manuscript in 
preparation). It should be noted that immunization in 
the resistant strain of SPD rats causes the spontaneous 
autoimmune protective response to be boosted, whereas 
in the susceptible Lewis rats, in which such a response is 
not spontaneously manifested, such immunization causes 
its induction. The Thl response is significantly stronger 
when the adjuvant used for immunization is CPA rather 
than IFA (Lenz et al., 1999; Shibaki and Katz, 2002; 
Zhang et al., 1999). This might explain why immuniza- 
tion with CPA has a much more potent neuroprotective 
effect than immunization with IFA. Immunization with 
IFA is known to evoke the Th2 phenotype. At an early 
stage after the immunization, however, it evokes a short- 
lived Thl phenotype (Shibaki and Katz, 2002; Zhang et 
al., 1999), which is apparently sufficient to accommodate 
the neuroprotective activity of Thl cells within the 
therapeutic window of an acute insult. By the time the 
response shifts to evoking Th2, the relevant therapeutic 
window would in any case no longer be open. This 
might explain the efficacy of immunization with IFA. 

We suggest that the activity of the Thl cells in neural 
protection (i.e., in their response to self-antigens) does not 
differ from the activity of helper Thl cells in their response 
to nonself antigens, i.e., providing well-controlled assistance 
to macrophages or other phagocytic or antigen-presenting 
cells in their activity of removing a perceived threat to the 
tissue by amplifying the innate response (Shaked et al, 
unpublished observafions). 

According to this view, the difference between beneficial 
autoimmunity (neuroprotection) and potentially destructive 
autoimmunity (autoimmune disease) derives not from the 
nature of the autoimmune T cells but from their regulation, 
which presumably affects such parameters as the time of 
onset, the strength, and the duration of the autoimmune 
response manifested at the site of a CNS insult. Therefore, 
contrary to the prevailing perception of autoimmunity as an 
accident of nature with consequences that are always 
harmful, we suggest that autoimmunity should instead be 
viewed as a desirable and beneficial response, though in 
need of proper regulation in order to fiilfil its protective 
potential (Schwartz and Kipnis, 2001). 
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We recently reported that the posttraumatic spread of degenera- 
tion in the damaged optic nerve can be attenuated by the adoptive 
transfer of autoimmune T cells specific to myelin basic protein. 
However, it would be desirable to obtain immune neuroprotection 
free of any possible autoimmune disease. In an attempt to obtain 
disease-free Immune neuroprotection, we used the synthetic four- 
amlno acid polymer copolymer 1 (Cop-I), which is known not to be 
encephalitogenic despite its cross-reactivity with myelin basic 
protein. We show here that active immunization with Cop-1 
administered in adjuvant, as well as adoptive transfer of T cells 
reactive to Cop-1, can inhibit the progression of secondary degen- 
eration after crush injury of the rat optic nerve. These results have 
implications for the treatment of optic neuropathies. 

Optic neuropathies are neurodegenerative diseases of the 
optic nerve in which degeneration starts at the optic nerve 
and ends with the death of the retinal ganglion cells (RGCs) (1, 
2). In many cases of optic neuropathies, the primary risk factors 
may be removed but degeneration continues. We have suggested 
that the progression of damage may be attributable to the fact 
that at any given time fibers undergoing acute degeneration 
create a hostile environment for neighboring fibers that are still 
intact, thereby causing their eventual degeneration (3, 4). This 
process of "secondary degeneration" is like that seen after any 
traumatic injury to other areas of the central nervous system 
(CNS), such as the spinal cord and the brain. Hence neuropro- 
tection should be a useful complement to the treatment of optic 
neuropathies. 

We recently demonstrated that the adoptive transfer of T 
cells specific to proteins associated with CNS myelin, such as 
myelin basic protein (MBP), can reduce the posttraumatic 
secondary degeneration of the rat optic nerve and spinal cord 
(refs. 5, 6 and 8 and G. Moalem, A. Gdalyahu, Y. Shani, U. 
Otten, P. Lazarovici, I.R.C., and M. S., unpublished work). We 
further showed that this neuroprotective effect is not restricted 
to T cells directed against major encephalitogenic peptides, 
because T cells against cryptic peptides in the MBP molecule 
were similarly effective in reducing secondary degeneration 
(6). However, in the development of therapies based on 
autoimmune neuroprotection, it is important to seek "safe" 
antigenic epitopes that will not cause the induction of an 
autoimmune disease. 

The question was whether we could induce a protective 
immune response with a nonself protein resembling or having 
a cross-recognition with the self protein, but without the 
danger of disease induction. A possible candidate for this role 
is the nonpathogenic polymer, copolymer 1 (Cop-1, trade 
name Copaxone). Cop-1 is a synthetic amino acid polymer 
(4.7-11 kDa) composed of L-alanine, L-lysine, L-glutamic 
acid, and L-tyrosine, in a molar ratio of 4.2:3.4:1.4:1.0 (9). It 
initially was designed to mimic MBP and induce experimental 
autoimmune encephalomyelitis (EAE), but was found to be 
nonencephalitogenic and to suppress MBP-induced EAE. 
Cop-1 also blocks chronic-relapsing EAE induced by mouse 
spinal cord homogenate or by the encephalitogenic peptides of 



proteolipid protein in a (SJL/J x BALB/c) Fi mouse model 
(10). Cop-1 binds to the relevant major histocompatibility 
complex proteins and leads to the activation of T suppressor 
cells, which are triggered by determinants common to Cop-1 
and MBP (11). We reasoned that the existence of 
cross-reaction between Cop-1 and MBP or other com- 
ponents of myelin might enable Cop-l-specific T cells to 
recognize the damaged tissue, accumulate there, and become 
activated to induce neuroprotection. We also were interested 
in finding out whether, in addition to adoptive transfer, active 
immunization with Cop-1 could be used to reinforce immune 
neuroprotection. 

In the present study we show that neuroprotection of crush- 
injured rat optic nerves can be obtained by active immunization 
with Cop-1 on the day of injury and by adoptive transfer of Cop-1 
reactive T cells. 

Materials and Methods 

Animals. Inbred female adult Lewis rats (8-12 weeks old) were 
supplied by the Animal Breeding Center of The Weizmann Insti- 
tute of Science. The rats were housed in a light- and temperature- 
controlled room and matched for age in each experiment. Animals 
were handled according to the regulations formulated by the 
Institutional Animal Care and Use Committee. 

Antigens. MBP from the spinal cords of guinea pigs and ovalbu- 
min (OVA) were purchased from Sigma. Cop-1 was purchased 
from Teva Pharmaceuticals (Petach-Tikva, Israel). 

Antibodies. Mouse mAbs specific to rat T cell receptor (TCR) 
were kindly provided by Boris Reizis, Israel. Cy-3-conjugated 
goat anti-mouse IgG (with minimal cross-reaction to rat, human, 
bovine, and horse serum proteins) was purchased from Jackson 
ImmunoResearch. 

T Cell Lines. T cell lines were generated from draining lymph node 
cells obtained from Lewis rats immunized with the above 
antigens (12). The antigen was dissolved in PBS (1 mg/ml) and 
emulsified with an equal volume of incomplete Freund's adju- 
vant (IFA) (Difco) supplemented with 4 mg/ml Mycobacterium 
tuberculosis (Difco). Ten days after the antigen was injected into 
the rats* hind foot pads in 0.1 ml of the emulsion, the rats were 
killed and their draining lymph nodes were surgically removed 
and dissociated. The cells were washed and activated with the 
antigen (10 ^ig/ml) in stimulation medium containing DMEM 
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supplemented with L-glutamine (2 mM), 2-mercaptoethanol 
(5 X 10"^ M), sodium pyruvate (1 mM), penicillin (100 units/ml), 
streptomycin (100 ^g/ml), nonessential amino acids (1 ml/100 
ml), and autologous serum 1% (vol/vol). After incubation for 
72 h at 37°C, 98% relative humidity and 10% CO2, the cells were 
transferred to propagation medium consisting of DMEM, L- 
glutamine, 2-mercaptoethanol, sodium pyruvate, nonessential 
amino acids, and antibiotics in the same concentrations as above, 
with the addition of 10% FCS (vol/vol) and 10% T-cell growth 
factor derived from the supernatant of Con A-stimulated spleen 
cells (13). Cells were grown in propagation medium for 4-10 
days before being restimulated with their antigen (10 ^g/m\) in 
the presence of irradiated (2,000 rad) thymus cells (10"^ cells/ml) 
in stimulation medium. The T cell lines were expanded by 
repeated stimulation and propagation (14). 

Crush Injury of Optic Nerve. The optic nerve was subjected to crush 
injury as described (15). Briefly, rats were deeply anesthetized by 
i.p. injection of XYL-M 2% (xylazine, 10 mg/kg; Arendonk, 
Belgium) and Ketaset (ketamine, 50 mg/kg; Fort Dodge Lab- 
oratories, Fort Dodge, lA). Using a binocular operating micro- 
scope, lateral canthotomy was performed in the right eye, and 
the conjunctiva was incised lateral to the cornea. After separa- 
tion of the retractor bulbi muscles, the optic nerve was exposed 
intraorbitally by blunt dissection. Using calibrated cross-action 
forceps; the optic nerve was subjected to a crush injury 1—2 mm 
from the eye. Mild and severe crush injuries were inflicted for 
short-term trials (2 weeks), as this time period was shown to be 
optimal for demonstrating secondary degeneration and its re- 
sponse to treatment (16). The uninjured contralateral nerve was 
left undisturbed. 

Measurement of Secondary Degeneration by Retrograde Labeling of 
RGCs. Secondary degeneration of the optic nerve axons and 
their attached RGCs was measured after postinjury applica- 
tion of the fluorescent lipophilic dye, 4-(4-(didecylamino)- 
styryl)-A^-methylpyridinium iodide (4-Di-lO-Asp) (Molecular 
Probes), distally to the lesion site, 2 weeks after crush injury. 
Because only axons that are intact can transport the dye back 
to their cell bodies, application of the dye distally to the lesion 
site after 2 weeks ensures that only axons that survived both 
the primary damage and the secondary degeneration will be 
counted. This approach enabled us to differentiate between 
neurons that are still functionally intact and neurons in which 
the axons are injured but the cell bodies are still viable, because 
only those neurons whose fibers are morphologically intact can 
take up dye applied distally to the site of injury and transport 
it to their cell bodies. Using this method, the number of labeled 
RGCs reliably reflects the number of still-functioning neurons. 
Labeling and measurement were carried out as follows: the 
right optic nerve was exposed for the second time, again 
without damaging the retinal blood supply. Complete axotomy 
was performed 1-2 mm from the distal border of the injury 
site and solid crystals (0.2-0.4 mm diameter) of 4-Di-lO-Asp 
were deposited at the site of the newly formed axotomy. Five 
days after dye application the rats were killed. The retina was 
detached from the eye, prepared as a flattened whole mount 
in 4% paraformaldehyde solution, and examined for labeled 
RGCs by fluorescence microscopy. 

EUSA. Anti-MBP or anti-Cop-1 T cells were grown for a week 
in a propagation medium, then washed with PBS and resus- 
pended in stimulation medium. The T cells (0.5 X 10^ cells/ml) 
were incubated, in the presence of irradiated thymocytes (10' 
cells/ml), with Con A (1.25 /xg/ml), MBP antigen (10 /xg/ml), 
Cop-1 antigen (10 /xg/ml), OVA antigen (10 Mg/ml), or with 
no antigen, in stimulation medium at 37°C, 98% relative 
humidity and 10% CO2. In addition, irradiated thymocytes 



(10' cells/ml) alone were incubated in stimulation medium. 
After 48 h the cells were centrifuged and their supernatants 
were collected and sampled. Concentrations of neurotrophin 
(NT)-3, nerve growth factor, and NT-4/5 in the samples were 
determined by the use of sandwich ELISA kits (Promega) and 
comparison with a NT standard (absorbance measurement at 
450 nm using an ELISA reader). Concentrations of brain- 
derived neurotrophic factor (BDNF) in the samples were 
determined with a sensitive sandwich ELISA. In brief, 96-well 
flat-bottomed plates were coated with a chicken anti-human 
BDNF antibody (Promega) in 0.025 M NaHCOs and 0,025 M 
Na2C03 (pH 8.2). Recombinant human BDNF (used as stan- 
dard; Research Diagnostics, Flanders, NJ) was used in serial 
dilutions in blocking solution containing 3% BSA, 0.05% 
polyoxyethylene-sorbitan monolaurate (Tween-20), and 1% 
FCS in PBS (pH 8.2). Bound BDNF was detected by incubating 
the plates with a mouse anti-human BDNF antibody (Research 
Diagnostics) and then with peroxidase-conjugated goat anti- 
mouse IgG (Jackson ImmunoResearch) in blocking solution. 
The plates were developed by using a 3,3',5,5'-tetramethyl- 
benzidine liquid substrate system (Sigma). The reaction was 
stopped by adding 1 M H3PO4, and the optical density was 
determined at 450 nm. Results for each experiment were 
calculated as the amount of secreted NT per 1 ml of sample, 
after subtraction of the background levels of the irradiated 
thymocytes incubated with the stimulation medium. 

Immunization. Lewis rats (8-12 weeks old) each were injected 
with a total of 100 ^g of Cop-1 emulsified with an equal volume 
of complete Freund's adjuvant (CFA) containing 5 mg/ml of 
mycobacteria H37 RA (Difco). The emulsion, in a total volume 
of 0.2 ml, was injected into the rat's two hind footpads imme- 
diately after crush injury to the optic nerve. Beginning 24 h after 
the injury, each rat was fed 1-mg of Cop-1 every 24 h for 5 days. 

Immunohistochemistry. Longitudinal cryosections (10 fim thick) 
of the nerves were picked up onto gelatin-coated glass slides 
and frozen until preparation for fluorescence staining. The 
sections were fixed in ethanol for 10 min at room temperature, 
washed twice with double-distilled water, and incubated for 3 
min in PBS containing 0.05% Tween-20. Sections then were 
incubated for 1 h at room temperature with mouse anti-rat 
mAbs to TCR (17) diluted in PBS containing 3% FCS and 2% 
BSA. The sections then were washed three times with PBS 
containing 0.05% Tween-20 and incubated with Cy63- 
conjugated goat anti-mouse IgG (with minimal cross-reaction 
to rat, human, bovine, and horse serum proteins; Jackson 
ImmunoResearch) for 1 h at room temperature. The sections 
were washed with PBS containing Tween-20 and treated with 
glycerol containing l,4-diazobicyclo-(2, 2, 2)octane to inhibit 
quenching of fluorescence. The sections were viewed with a 
Zeiss Universal fluorescence microscope. 

Results 

Adoptive Transfer of T Cells Reactive to Cop-1 Is Neuroprotective In 
the Injured Optic Nerve. To examine whether T cells to Cop-1 
display a neuroprotective effect in the rat optic nerve model, we 
injected 10 X 10*^ Cop-l-reactive T cells into rats immediately 
after a mild or severe injury of their optic nerves. After 2 weeks, 
the number of surviving fibers was determined by applying the 
dye 4-Di-lO-Asp distally to the lesion site. Retinas were excised 
5 days later and whole-mounted, and labeled RGCs were 
counted. Rats injected with Cop-l-reactive T cells on the day of 
a mild or severe crush injury to the optic nerve showed signif- 
icantly less secondary degeneration than that seen in control rats 
injected with PBS (Fig. 1). None of the rats in these experiments 
developed EAE (data not shown). Representative fields from 
retinas treated with Cop-l-reactive T cells and from untreated 
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Fig. 1. T cells specific to Cop-1 protect neurons from secondary degenera- 
tion. Immediately after mild {A) or severe optic nerve injury (fi), rats were 
injected with PBS or with Cop-1 -specific T cells. For assessment of secondary 
degeneration, the neurotracer dye 4-Di-1 0-Asp was applied to the optic nerve 
distal to the site of injury, 2 weeks after the Injury. After 5 days, the rats were 
killed and their retinas were excised and flat-mounted. Labeled (surviving) 
RGCs, from four fields located at approximately the same distance from the 
optic disk in each retina, were counted under a fluorescence microscope. The 
neuroprotective effect of Co p-1- reactive T eel Is compared with that of PBS was 
significant for both mild crush injury [P < 0.005, Student's ttest) and severe 
crush injury (P < 0.05, Student's ttest). The graph shows representative results 
of one experiment of the three that were performed with 6-10 animals in 
each group in each experiment. 



retinas are shown in Fig. 2. It should be noted that rats injected 
with OVA-reactive T cells did not have any effect, as previously 
reported (6). 

Cop-1 -Reactive T Cells Accumulate in Both Injured and Uninjured 
Neuronal Tissues. To investigate whether T cells to Cop-1 accu- 
mulate at the site of the injury, we injected rats with Cop-1 
reactive T cells and excised the nerves 7 days later, at the time 
point previously identified as the peak of accumulation of T cells 
in a damaged optic nerve (18, 19). The adoptive transfer of 
Cop-l-reactive T cells in the present study also caused a signif- 
icant accumulation of T cells at the site of injury relative to the 
accumulation of T cells in the PBS-treated injured rats. T cell 
accumulation in the Cop-l-treated rats was greatest on day 7 
after the injection (Fig. 3A). These findings were in line with our 
earlier results showing that injection of T cell lines of different 
specificities results in T cell accumulation at the site of the lesion. 



In contrast to the accumulation of activated T cells at the site 
of injury after injection of T cells of any specificity, only T cells 
specific to CNS self-antigens were found to accumulate in 
uninjured nerves (18, 19). To learn whether Cop-l-specific T 
cells might behave like these anti-self T cells, we injected naive 
rats with T cells to MBP, OVA, or Cop-1, and excised the optic 
nerves 3 days later. Injection of T cells to Cop-1, like the injection 
of T cells to MBP (Fig. 3D), resulted in accumulation of T cells 
in the uninjured nerve (Fig, 3B). In contrast, the injection of T 
cells to OVA did not result in any detectable T cell accumulation 
in the uninjured optic nerve (Fig. 3C). Although there was less 
accumulation of T cells, in uninjured nerve, after injection of T 
cells reactive to Cop-1 than of T cells specific to MBP, these 
findings support the conclusion that Cop-l-reactive T cells can 
recognize in vivo an antigen in the intact optic nerve, presumably 
myelin-associated. 

Cytokine and NT Profiles of T Cells to MBP or Cop-1 . Anti-MBP T cells 
were stimulated in vitro with their specific antigen or Cop-1. The 
cultured media containing products secreted by these cells were 
collected and their cytokine contents were quantified by ELISA. 
The activated T cells secreted much larger amounts of cytokines 
than did the unstimulated T cells. The T helper 1-specific 
cytokine IFN-7, was similarly expressed by both anti-MBP T cells 
and the anti-Cop-1 T cells, whereas the T helper 2-specific 
cytokine IL-10 was found to be secreted mainly by the anti-Cop-1 
T cells. The largest amounts of secreted cytokines were detected 
in the supernatants of T cells stimulated with Con A (Table 1). 

Up-regulation of neurotrophic expression and secretion by T 
cells activated with their specific antigens recently was demon- 
strated by our group (G. Moalem, A. Gdalyahu, Y. Shani, U. 
Otten, P. Lazarovici, I.R.C., and M. S., unpublished work and 
ref. 20). In an attempt to gain an insight into the mechanism 
underlying T cell-mediated neuroprotection, the T cell super- 
natants in the present study were subjected to ELISA to deter- 
mine the NT profiles of T cells responsible for neuroprotection. 
The Cop-l-stimulated T cells secreted both nerve growth factor 
and NT-4/5, but in lower amounts than those secreted by the 
anti-MBP T cells. Relative to the production by anti-MBP T 
cells, the production of NT-3 by the Cop-l-stimulated T cells was 
insignificant; the production of BDNF, however, was massive 
(Fig. 44). Thus, the Cop-l-stimulated T cells produced smaller 
amounts of all of the examined neurotrophic factors, with the 
notable exception of BDNF (Fig. 4A), Four independent deter- 
minations of the amounts of NT-3 and BDNF secreted by the 
differentially stimulated T cells yielded similar results. In each 
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Fig. 2. Photomicrographs of retrogradely labeled retinas of injured optic nerves of rats. Immediately after unilateral crush injury of their optic nerves, rats were 
injected with Cop-1 -reactive! cells or PBS. Two weeks later the neurotracer dye 4-Di-10-Aspwas applied to the optic nerves distal to the site of injury, and 5 days 
later the retinas were excised and flat-mounted. Shown are representative fields with labeled RGCs, located at approximately the same distance from the optic 
disk in the retinas of the two groups. 
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Fig. 3. In situ detection of immunostained T cells. (A) Injured nerve. (S-D) Uninjured nerves. (A) Seven days after crush injury and systemic injection of T cells 
reactive to Cop-1, cryosections (10 fim thick) of Injured optic nerve were stained for TCR. Uninjured nerves were excised 7 days after injection with T cells specific 
to Cop-1 (B), OVA (6. or MBP (D), and then cryosectioned (10 ;inn) and stained for TCR. Representative slices are shown. At least four rats were tested in each 
experiment. 



case, Cop-l-stimulated T cells produced about 2.5-fold more 
BDNF than anti-MBP T cells, and only 10% of the amounts of 
NT-3 (Fig. 4B). 

Vaccination with Cop-1 Followed by Oral Administration of Cop-1 
Protects Neurons from Secondary Degeneration. Oral administra- 
tion of antigen in low doses is known to boost the immune 



response and switch it toward T helper 2 regulatory cells^ but in 
high doses it may cause anergy or depletion (21, 22). We 
postulated that if rats with crush-injured optic nerves were 
vaccinated with Cop-1 in CPA and then fed with low-dose Cop-1, 
the immune response to the vaccination might be boosted. 
Anesthetized rats were subjected to mild crush injury of the optic 
nerve, immediately vaccinated, and then fed for 5 days with 



Table 1. ELISA of secreted cytokines 

Resting state Stimulation with MBP Stimulation with Cop-1 Stimulation with Con A 

Cytokine, pgr/ml Tmbp Tcop Tmbp Tcop Tmbp Tcop Tmbp Tcop 

IFN-y 725 6.645 15,692 925 7,242 11,825 22,758 22,525 
IL-10 41 382 1,941 13 365 7,244 3,565 6,503 

Supernatants from unstimulated Tcells or Tcells stimulated for 48 h with Con A mitogen, MBP antigen, or Cop-1 antigen in stimulation 
medium were subjected to sandwich ELISA. The table shows the concentration of cytokines. The amounts of secreted T helper 2-related 
cytokines were significantly higher in supernatants of Cop-1 -reactive T cells than in supernatants of T cells specific to MBP. 
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Fig. 4. ELISA of secreted neurotrophic factors. Rat anti-MBP or anti-Cop-1 T 
cells were cultured for 48 h with their specific antigen in stimulation medium. 
The T-celt supernatants were collected and subjected to sandwich ELISA. The 
histogram shows the concentration of secreted NTs in each sample. The 
amounts of nerve growth factor (N6F) and NT-4/5 were higher in the anti- 
MBP Tcells than in the anti-Cop-1 T cells. NT-3 was found almost exclusively in 
T cells specific to MBP, whereas the amounts of BDNF secreted in the super- 
natants of Cop- 1 -stimulated T cells were significantly higher than in the 
supernatants of anti-MBP T cells. Representative data are shown {A). The 
mean ratios ± SD (from five independent experiments) of the amounts of 
BDNF or NT-3 secreted by anti-Cop-1 T cells to the amounts secreted by 
anti-MBP T cells are shown in B. 



Cop-1 dissolved in PBS. After 2 weeks the RGCs were retro- 
gradely labeled and 5 days later the retinas were excised. Rats 
vaccinated with Cop-1 and then fed with the antigen showed 
evidence of significant neuroprotection compared with that in 
control rats injected with PBS in CPA and then fed with PBS 
(Fig. 5). 

Discussion 

The results of this study demonstrate a possible neuroprotective 
effect of T cell immunity to Cop-1 in a crush-injured CNS nerve. 
In the rat model of partial optic nerve crush, adoptive admin- 
istration of Cop-l-reactive T cells or vaccination with Cop-1 on 
the day of CNS injury had a marked preventive effect on the 
secondary degeneration of nerve fibers. 
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Fig. 5. Neuroprotection by active immunization with Cop-1. Immunization 
with Cop-1 in CFA, boosted with oral administration of the antigen, leads to 
protection against secondary degeneration. Immediately after mild optic 
nerve Injury, rats were immunized s.c. with PBS in CFA or Cop-1 in CFA. For 
assessment of secondary degeneration, the neurotracer dye 4-Di-10-Asp was 
applied to the optic nerve distal to the site of injury 2 weeks after crush injury, 
and 5 days later the rats were killed and their retinas were excised and 
flat-mounted. Labeled (surviving) RGCs, from four fields located at approxi- 
mately the same distance from the optic disk in each retina, were counted 
under the fluorescence microscope. The neuroprotective effect of Cop-1 
immunization compared with that of PBS injection was significant (P < 0.01, 
Student's ttest). The results are the summary of two experiments, each carried 
out with 5-6 rats in each group. 



Cop-1 originally was designed to mimic MBP and to induce 
EAE, but was found to be nonencephalitogenic and even to 
suppress EAE induced by MBP (9), proteolipid protein (10), or 
myelin oligodendrocyte glycoprotein (23). The precise mecha- 
nisms by which Cop-1 prevents the development of EAE and 
ameliorates multiple sclerosis are not yet known. Nevertheless, 
some important immunological properties of this copolymer 
have emerged. Studies have demonstrated partial cross- 
reactivity of Cop-1 with MBP at both the T cell (24) and the 
antibody (25) level. Cop-1 can serve as an antagonist of the T-cell 
antigen receptor for the MBP immunodominant epitope (26). It 
also can bind to various major histocompatibility complex class 
II molecules and prevent them from binding to T cells with 
specific antigen-recognition properties (27), In rodents, Cop-1 
induces regulatory cells that suppress the encephalitogenic T 
cells. Adoptive transfer of such T cells was found to prevent the 
development of EAE induced by MBP (28), proteolipid protein 
(10), or whole spinal cord homogenate (29). 

T cells reactive to MBP were shown to be neuroprotective in 
rat models of partially crushed optic nerve (6) and spinal cord 
injury (8). The massive accumulation of exogenously adminis- 
tered T cells at the site of CNS injury suggests that the presence 
of T cells at the site of injury plays a prominent role in 
neuroprotection. It appears, however, that the accumulation, 
although a necessary condition, is not sufficient for conferring 
neuroprotection, as T cells specific to the non-self antigen OVA 
also accumulate at the site, but have no neuroprotective effect 
(18). As a feasible scenario, we suggest that T cells arriving at the 
site of injury recognize the antigen(s) presented there as major 
histocompatibility complex class II molecules (which are known 
to be up-regulated after CNS trauma) (19), and thus become 
activated, switching to a neuroprotective phenotype and pro- 
ducing factors that promote neuroprotection. It seems that 
recognition of TCR-major histocompatibility complex class II 
antigens at the site of injury is a precondition for activation of 
T cells and achievement of a neuroprotective effect. 

The fact that T cells accumulate in the uninjured optic nerve 
supports the notion of recognition between the Cop-l-specific T 
cells and antigens presented by the optic nerve. It should be 
noted that the method used here to assess T cell accumulation 
involved the use of antibodies to the TCR. Using this approach, 
it is not possible to determine whether the accumulated T cells 
detected in the nerve are the ones that were injected. In our 
earlier studies we showed, however, that the injected activated T 
cells are indeed the ones that accumulate (18). Activated T cells 
can pass through the blood-brain barrier regardless of their 
specificity, but only those that are reactive to CNS antigens can 
accumulate in the uninjured nerve (30). Thus, our present 
findings demonstrate in vivo cross-recognition between Cop-l- 
reactive T cells and components of CNS myelin. This recognition 
probably serves as the trigger for T cell reactivation, causing the 
T cells to switch toward the protective phenotype. We found in 
this study that Cop-l-reactive T cells activated by their specific 
antigen secrete significant amounts of BDNF, an NT that plays 
a major role in neuronal survival (31, 32). It is possible that 
myelin proteins expressed at the lesion site reactivate the Cop- 
l-specific T cells to a similar extent. 

Immunization with Cop-1, unlike immunization with MBP 
and other myelin-associated proteins, does not induce EAE, and 
the T cells evoked by Cop-1 in the absence of adjuvants are of 
a regulatory nature. In the present study, immunization with 
Cop-1 in CFA immediately after the injury, followed by five 
consecutive daily feedings, had a strongly neuroprotective effect. 
Such immunization is likely to evoke a cellular response that is 
large enough to exert at least some neuroprotective activity. It is 
possible that this response was somewhat delayed relative to the 
response obtained after adoptive transfer of T cells, but never- 
theless it was still achieved within the time window needed for 
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protection of nerve fibers that escaped the primary lesion. 
Previous studies in the rat optic nerve have shown that the loss 
of neurons resulting from secondary degeneration is about 25% 
a week after mild crush injury and about 55% 2 weeks after the 
injury (16). Thus, even if the T cell response took 1 week to reach 
the required strength, there would still be nerve fibers in need 
of protection at that time. A comparison of our results obtained 
after adoptive transfer of activated Cop-l-reactive T cells and 
after active immunization with Cop-1 shows that the extent of 
protection from secondary degeneration was almost the same in 
both. It is worth noticing that, although Cop-1 is known as an 
agent designed to suppress T cell autoimmunity, its effect in this 
study requires that an anti-myelin T cell autoimmunity be 
activated. Thus, Cop-1 is used here as a potentially "safe" 
antigen for activating an effective T cell response that can be 
cross-activated by myelin proteins. 

In conclusion, earlier studies have proposed that axonal 
injury in the rat CNS awakens an autoimmune T cell response 
which is directed against myelin proteins, but is too weak to 
protect the nerve fibers from secondary degeneration (6, 33). 
Boosting of this immune response without risk of accompa- 
nying autoimmune disease was achieved in this study by using 
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a copolymer, which is cross-recognized by the CNS but is not 
encephalitogenic. The effect of Cop-1 here is reminiscent of 
the effect obtained with a cryptic epitope of MBP (6). We 
suggest that the T cell immune response to the polymer, 
obtained either by adoptive transfer or immunization at the 
time of the injury, seems to provide an effective means of 
posttraumatic protection. It remains to be seen whether the 
activity of Cop-1 as a neuroprotectant rather than as a 
suppressor depends on the way of its administration. It is also 
essential to find out how the locally accumulated CNS-specific 
T cells or T cells specific to cross-reactive antigens such as 
Cop-1, mediate neuroprotection in the context of CNS injuries. 
The T cell-mediated neuroprotection demonstrated here 
might be applicable to both chronic and acute injuries of CNS 
nerves, in which neurons are vulnerable to degeneration and 
amenable to neuroprotection (7, 34). 
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ABSTRACT The central nervous system (CNS), 
unlike the peripheral nervous system (PNS), is an 
immime-privileged site in which local immune re- 
sponses are restricted. Whereas immune privilege in 
the intact CNS has been studied intensively, little is 
known about its effects after trauma. In this study, 
we examined the influence of CNS immune privilege 
on T cell response to central nerve injury. Immuno- 
cytochemistry revealed a significantly greater accu- 
mulation of endogenous T cells in the injiured rat 
sciatic nerve than in the injured rat optic nerve 
(representing PNS and CNS white matter trauma, 
respectively). Use of the in situ terminal deoxytrans- 
ferase-catalyzed DNA nick end labeling (TUNEL) 
procedure revealed extensive death of accumulating 
T cells in injured CNS nerves as well as in CNS 
nerves of rats with acute experimental autoimmune 
encephalomyelitis, but not in injured PNS nerves. 
Although Fas Ugand (FasL) protein was expressed in 
white matter tissue of both systems, it was more 
pronounced in the CNS. Expression of major histo- 
compatibiUty complex (MHC) class II antigens was 
found to be constitutive in the PNS, but in the CNS 
was induced only after injury. Our findings suggest 
that the T cell response to central nerve injury is 
restricted by the reduced expression of MHC class II 
antigens, the pronounced FasL expression, and the 
elimination of infiltrating lymphocytes through cell 
death. — Moalem, C, Monsonego, A., Shani, Y., Co- 
hen, I. R., Schwartz, M. Differential T cell response 
in central and peripheral nerve injury: connection 
with unmune privUege. FASEB /. 13, 1207-1217 (1999) 

Key Words: T lymphocytes • CNS • PNS • Fas ligand • major 
histocompatibility complex 

Maintenance of neural functions is vital for verte- 
brate survival, and loss of these functions as a result 
of local immune responses may threaten central 
nervous system (CNS) integrity. To maintain proper 
neural functioning, the CNS may have had to evolve 
mechanisms that limit its vulnerability to irreversible 
modifications that might be caused by immune 
reactions. The CNS, in contrast to the peripheral 



nervous system (PNS), is an immune-privileged site 
(1, 2). The concept of CNS immune privilege is 
supported by the prolonged survival of allografts 
within the brain parenchyma (3, 4), the presence of 
a blood-brain barrier (5), the absence of typical 
lymphatic drainage (6), the reduced expression of 
major histocompatibility complex (MHC) class I and 
II antigens (7, 8), unconventional antigen-present- 
ing cells (9), a low concentration of complement 
components (10), and immunosuppression by the 
CNS microenvironment (11, 12). Immune privilege 
in the CNS was long thought to be maintained by 
'immune ignorance' (13). It was believed that the 
CNS is isolated from the immune system, preventing 
antigen escape and excluding immune cells, and 
that consequently the immune system simply ignores 
the area. Over the years it has become clear that 
antigens from the CNS can escape and induce 
immune responses in the periphery (10, 14), and 
that the CNS is accessible to activated antigen-spe- 
cific lymphocytes (15). Since antigens originating in 
the CNS can reach and influence the systemic im- 
mune apparatus and because immune cells can gain 
access to the CNS, immune ignorance is no longer a 
valid explanation of CNS privilege. 

Studies of CNS inflammation caused by autoim- 
mune myelin-specific T cells in different states of 
activation revealed that the blood-brain barrier effec- 
tively prevents resting T cells from entering the CNS 
parenchyma. These studies demonstrated, however, 
that activated myelin-specific T cells are able to pass 
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through the blood-brain barrier and initiate CNS 
lesions causing autoimmune disease (16), thus sug- 
gesting that access to the CNS is restricted to T cells 
that are activated (9). It was further shown that 
activated T cells, irrespective of their antigen speci- 
ficity, enter the CNS parenchyma within hours of 
injection, but only cells capable of reacting with a 
CNS antigen can persist there (15). 

After CNS injury, the recruitment of macrophages 
is delayed and limited compared with the strong 
macrophage response after PNS injury (17). CNS 
injury may also be accompanied by the infiltration of 
T lymphocytes into the site of the lesion (18). 
Although such infiltration might imply the possibility 
of a classic immune response within the damaged 
CNS, the effect of the immune-privileged status on 
these infiltrating T cells is not yet known. In the 
present study, we examined whether the dialog 
between T cells and the CNS differs from the T 
cell-PNS dialog in response to injury. Using partial 
crush injuries of the optic and sciatic nerves as 
models for CNS and PNS white matter trauma, 
respectively, we demonstrate differential T cell re- 
sponse to injury of the central and peripheral nerves. 
In the injured sciatic nerve, T cell accumulation is 
significantly greater than in the injured optic nerve. 
Elimination of T cells through cell death occurs 
extensively in the optic nerve after injury and in rats 
with experimental autoimmune encephalomyelitis 
(EAE), but only to a very small extent in the injured 
sciatic nerve. Moreover, MHC class II antigens are 
constitutively expressed in the sciatic nerve, but are 
induced only after injury in the optic nerve. Fas 
ligand (FasL) mRNA is expressed in both optic and 
sciatic nerves, but FasL protein is more pronounced 
in the optic nerve. These results suggest that the 
immune-privileged CNS restricts the T cell response 
to nerve injury. 



MATERIALS AND METHODS 
Animals 

Inbred female Lewis rats (8-12 wk old) and newborn Wistar 
or Lewis rats were supplied by the Animal Breeding Center of 
the Weizmann Institute of Science. The rats were housed in a 
light- and temperature-controlled room and matched for age 
and sex in each experiment. Animals were used according to 
the regulations formulated by the Institutional Animal Care 
and Use Committee. 

T cells 

A T cell line specific for myelin basic protein (MBP) was 
generated from draining lymph node cells obtained from 
Lewis rats immunized with MBP antigen, which was prepared 
from guinea pig spinal cord as described previously (19). 
MBP was dissolved in 1 mg/ml of phosphate-buffered saline 
(PBS) and emulsified with an equal volume of Freund's 



incomplete adjuvant (Difco Laboratories, Detroit, Mich.) 
supplemented with 4 mg/ml of Mycobacterium tuberculosis 
(Difco). Ten days after the antigen was injected into their 
hind foot pads in 0.1 ml of the emulsion, the rats were killed 
and their draining lymph nodes were surgically removed and 
dissociated. The cells were washed and activated with MBP 
antigen (10 fJig/ml) in proliferation medium containing 
Dulbecco's modified Eagle's medium (DMEM) supple- 
mented with l^glutamine (2 mM), 2-mercaptoethanol (5 X 
10"^ M), sodium pyruvate (1 mM), penicillin (100 lU/ml), 
streptomycin (100 fxg/ml), nonessential amino acids (1 ml/ 
100 ml) , and autologous rat serum 1 % (v/v) . After incubation 
for 72 h at 37X, 90% relative humidity, and 7% COg, the cells 
were transferred to propagation medium consisting of 
DMEM, L-glutamine, 2-mercaptoethanol, sodium pyruvate, 
nonessential amino acids, and antibiotics in the same concen- 
trations as above, with the addition of 10% fetal calf serum 
(PCS) (v/v) and 10% T cell growth factor derived from the 
supernatant of concanavalin A-stimulated spleen cells. Cells 
were grown in propagation medium for 4-10 days before 
being restimulated with their antigen (10 jxg/ml) in the 
presence of irradiated (2000 rad) thymus cells (10^ cells/ml) 
in proliferation medium. The T cell line was expanded by 
repeated stimulation and propagation (20). 

Glial cells 

Primary cultures of glial cells were prepared by a modification 
of the procedure of McCarthy and de Vellis (21). Cells 
dissociated from the cerebral cortex of 2-day-old rats were 
cultured in poIy-D-lysine (PDL) -coated tissue culture flasks (2 
brains/85 cm^ flask) containing DMEM, 2 mM glutamine, 
100 lU/ml penicillin, 100 \ig/m\ streptomycin, and 10% FCS. 
The medium was changed after 24 h and every 2 days 
thereafter. To obtain pure cultures of microglia, after 8 days 
the flasks were shaken at 37° C on a rotary platform for 6 h 
and the detached cells were collected and seeded on PDL- 
coated coverslips in 247-well plates (10^ cells/ml in each well) 
in RPMI 1640 medium supplemented with 2 mM glutamine, 
100 lU/ml penicillin, 100 M-g/ml streptomycin, 5 X 10"^ M 
2-mercaptoethanol, and 10% FCS. Fresh medium was added 
to the flasks, which were then shaken for an additional 18 h 
at 37°C. The detached cells, consisting mostly of progenitor 
cells for oligodendrocytes and type 2 astrocytes, were col- 
lected and seeded on PDL-coated coverslips in 24-well plates 
(5 X 10^ cells/ml in each well). To encourage oligodendro- 
cyte development, seeding was carried out in Raffs modifica- 
tion of Bottenstein and Sato's defined medium (22, 23). 
Fresh medium was again added to the flasks, and 50 |jl1 of 25 
mM cytosine-p-D-arabinofuranoside (Sigma, St Louis, Mo.) 
was added 1 day later. After 24 h, the medium was replaced by 
a defined medium for astrocytes consisting of DMEM, 2 mM 
glutamine, 0.1 mg/ml transferrin, 0.1% free fatty acid bovine 
serum albumin (BSA), 0.1 mM putrescine, 0.45 mM 
thyroxine, and 0.224 mM sodium selenite. The astrocytes 
were trypsinized and plated on PDL-coated coverslips in 
24-well plates (5 X 10^ cells/ml in each well). 

Crush injury of optic and sciatic nerves 

Crush injury of the optic nerve was performed as described 
previously (24, 25). Briefly, rats were deeply anesthetized by 
intraperitoneal (i.p.) injection of Rompun (xylazine, 10 mg/ 
kg; Vitamed, Bat-Yam, Israel) and Vetalar (ketamine, 50 
mg/kg; Fort Dodge Laboratories, Fort Dodge, Iowa). Using a 
binocular operating microscope, a lateral canthotomy was 
performed in the right eye and the conjunctiva was incised 
lateral to the cornea. After separation of the refractor bulbi 
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muscles, the optic nerve was exposed intraorbitally by blunt 
dissection. Using calibrated cross-action forceps, the optic 
nerve was subjected to a crush injury 2 mm from the eye. The 
uninjured contralateral nerve was left undisturbed. The sci- 
adc nerve was crushed under deep anesthesia, as described 
previously (26). The sciatic nerve was exposed and a similar 
crush injury was inflicted, after which the skin was sutured. 

Immunocytochemistry 

Longitudinal cryosecdons (20 (xm thick) of the nerves were 
picked up onto geladn-coated glass slides and frozen until 
preparation for fluorescence staining. The sections were 
fixed in ethanol for 10 min at room temperature, washed 
twice with double-distilled water, and incubated for 3 min in 
PBS containing 0.05% polyoxyethylene-sorbitan monolaurate 
(Tween-20). For immunostaining of the cells, coverslips were 
fixed in methanol for 15 min at -20*'C, washed three times 
with PBS, fixed in acetone for 2 min at room temperature, 
and again washed three times with PBS. Sections or cells were 
then incubated for 1 h at room temperature with mouse 
anti-rat monoclonal antibodies to T cell receptor (TCR) (27), 
glial fibrillary acidic protein (GFAP) (BioMakor, Rehovot, 
Israel), FasL (Transduction Laboratories, Lexington, Ky.), 
EDI (Serotek, Oxford, U.K.), MHC class II antigens (OX-6) 
(Serotek, Oxford, U.K.), and cyclic nucleotide phosphohy- 
drolase (CNF) (Promega, Madison, Wis.) or rabbit anti-rat 
FasL polyclonal antibody (Santa Cruz, Calif.), diluted in PBS 
containing 3% FCS and 2% BSA. The sections or cells were 
then washed three times with PBS containing 0.05% 
Tween-20 and incubated with fluorescein isothiocyanate 
(FITC)- or Cy3-conjugated goat anti-mouse immunoglobulin 
G (IgG) (with minimal cross-reaction to rat, human, bovine 
and horse serum proteins; Jackson ImmunoResearch, West 
Grove, Pa.) or rhodamine (TRITC) conjugated goat anti- 
rabbit IgG (Jackson), for 1 h at room temperature. The 
sections or cells were washed with PBS containing Tween-20 
and treated with glycerol containing l,4-diazobicyclo-(2, 2, 2) 
octane to inhibit quenching of fluorescence. The sections 
and cells were viewed with a Zeiss Universal fluorescence 
microscope using filters that detect either FITC or Cy3 and 
TRITC. 

Reverse transcriptase-polymerase chain reaction (RT-PCR) 
analysis 

Total RNA was isolated from rat optic and sciatic nerves 7 days 
after injury, as well as from the uninjured nerves and from 
spleen (using the TRI reagent; Molecular Research Center, 
Cincinnati, Ohio), according to the manufacturer's instruc- 
tions. From each sample, 1 fJig of total RNA was reverse- 
transcribed to cDNA using a thermal program of 42°C for 60 
min and 95°C for 2 min. Aliquots from each cDNA prepara- 
tion were amplified by PGR, using the following primers 
specific for rat FasL and for rat ribosomal protein L19 
(RPL19): FasL (forward, S'-GTTTTTTCTTGTCCATCCTG- 
3'; reverse, 5'-GCCGCCTTTCTTATACTTC-3') and RPL19 
(forward, 5'-CTGAAGGTCAAAGGGAATGTG-3'; reverse, 5'- 
GGACAGAGTCTTGATGATCTC-3'), giving a 447 bp and a 
194 bp product, respectively. The PGR conditions for rat FasL 
were 30 s for denaturation at 94°C, 1 min of annealing at 
60°C, and 2 min of elongation at 72X for 35 cycles. The PGR 
conditions for rat RPL19 were 30 s for denaturation at 94°C, 
1 min of anneahng at 60°C, and 2 min of elongation at 72''C 
for 25 cycles. The products were resolved on a 1% agarose gel. 
The FasL PGR fragment was then isolated from the gel using 
GenElute agarose spin columns (Supleco, Bellefonte, Pa.) 
and sequenced. 



Immunoblot (Western blot) analysis 

Glial cells were extracted with a lysis buffer containing Tris 
(10 mM, pH 7.5), NaCl (150 mM), Triton X-100 (1%), EDTA 
(1 mM), spermidine (1 mM), aprotinine (25 fxg/ml) , leupep- 
tine (25 jxg/ml), pepstatin (5 ^Jlg/ml), and phenylmethylsul- 
fonylfluoride (PMSF) (1 mM) for 2 h at 4^C with gentie 
shaking, and the supernatant was collected. For preparation 
of a high-speed supernatant derived from optic or sciatic 
nerves, nerves were removed by dissection, frozen in liquid 
nitrogen, and homogenized immediately in a lysis buffer 
containing Tris acetate (50 mM), pepstatin (5 |xg/ml), leu- 
peptine (25 |xg/ml), aprotinine (5 ^-g/ml), and PMSF (1 
mM). The supernatants were collected after high-speed cen- 
trifugation (110,000 g). Samples were subjected to sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) (12% gel), followed by blotting onto a nitrocellulose 
membrane for 2 h at 200 mA (in Tris-glycine). The mem- 
brane was incubated overnight at 4°C with PBS containing 5% 
(v/v) skim milk, incubated with monoclonal antibody to FasL 
(Transduction Laboratories) in PBS containing 5% skim milk 
for 1.5 h at room temperature, and washed three times for 20 
min in PBS containing 0.05% Tween-20. The membrane was 
then incubated with horseradish peroxidase<;onjugated goat 
anti-mouse IgG (Sigma) in PBS containing 5% skim milk for 
1.5 h at room temperature and washed three times for 20 min 
in PBS containing 0.05% Tween-20. Immunoreactive bands 
were visualized by the enhanced chemiluminescence method 
(ECL, Amersham, U.K). 

In situ detection of cell death by terminal deoxytransferase- 
catalyzed DNA nick end labeUng (TUNEL) 

Seven days after crush injury of the optic or sciatic nerves, the 
rats were killed and their nerves were removed and processed 
for cryosectioning. Frozen sections were fixed in a 10% 
formalin solution for 10 min at room temperature and 
washed twice for 5 min in PBS. The sections were then 
transferred to 100% methanol for 15 min at -20°C, and 
washed twice for 5 min with PBS. The samples were rehy- 
drated by serial washings for 5 min in ethanol 100%, 95%, 
and 70%, and then incubated for 10 min with PBS. For 
permeabilization, proteases were digested with proteinase K 
for 20 min at room temperature. Labeling of the ends of the 
DNA fragments was performed using an in situ apoptosis 
detection kit (Genzyme, Cambridge, Mass.) according to the 
manufacturer's instructions. The labeled ends were detected 
using the fluorescein detection kit supplied with a streptavi- 
din-fluorescein conjugate. The fluorescein-stained cells were 
visualized using a fluorescence microscope. 

Analysis of cell numbers in nerve sections 

Immunostained cells or TUNEI^reactive cells in each nerve 
section were counted at the site of injury (discerned by 
morphology) and at randomly selected areas in the uninjured 
nerves, using the fluorescence microscope. Each group con- 
tained three or four rats. For each nerve, two to four sections 
were counted and the numbers per mm^ were calculated and 
averaged. The results were analyzed using the InStat pro- 
gram. Data were analyzed using one-way analysis of variance, 
Bardett's test for homogeneity of variances, and a subsequent 
Bonferroni multiple comparison t test. To detect double- 
labeled T cells and TUNEI^reactive cells, sections were 
stained for TUNEL and then immunostained with anti-TCR 
antibody. Because of high background in the immunosuined 
sections induced by the TUNEL procedure, adjacent sections 
were also stained for TUNEL or T cells, photographed. 
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scanned to the computer, analyzed by overlapping images, 
and documented. 



RESULTS 

Endogenous T cell accumulation is significantiy 
more pronounced in die injured PNS tiian in die 
injured CNS 

To compare T cell accumulation at sites of CNS and 
PNS axonal crush injury, optic and sciatic nerves 
were excised from rats 3, 7, 14, or 21 days after 
injury, cryosectioned, and analyzed immunohisto- 
chemically for the presence of T cells, using an 
antibody that recognizes T cells exclusively. Measure- 
ment of the numbers of immunolabeled T cells at 
the injury site revealed a significantly greater accu- 
mulation of T cells in the injured sciatic nerve than 
in the injured optic nerve (Fig. 1). In the PNS, large 
numbers of T cells were detected at the site of the 
injury and distal to it by day 3. The numbers of T 
cells reached a peak on day 7 and decreased there- 
after. In the CNS, however, T cells arrived in fewer 
numbers and were localized to a more restricted area 
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Figure 1. Greater accumulation of endogenous T cells in 
injured sciatic nerve than in injured optic nerve. At 3, 7, 14, 
or 21 days after optic or sciatic nerve injury, the injured 
nerves and the contralateral uninjured nerves were removed, 
cryosectioned, and analyzed immunohistochemically for the 
presence of immunolabeled T cells. The histogram shows the 
mean numbers of T cells ± se. Statistical analysis (ANOVA) 
reveals significant differences in T cell numbers between 
injured optic nerve and injured sciatic nerve on day 3 
(i^O.OOl), day 7 (P<0.001), and day 14 (P<0,05), but not on 
day 21 (P>0.05). 
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Figure 2. Expression of MHC class II antigens in optic and 
sciatic nerves. Cryosections taken from injured optic nerve 
(A), uninjured optic nerve (B), injured sciatic nerve (Q, and 
uninjured sciatic nerve (D) were immunostained for MHC 
class II antigens using OX-6 antibody detected with FITC 
antibody to mouse IgG. Note the absence of staining in 
uninjured optic nerve, unlike in uninjured sciatic nerve. After 
injury, however, staining was detected in the optic nerve and 
was increased in the sciatic nerve. 



around the injury site. As in the PNS, the peak 
occurred on day 7, after which their numbers de- 
creased. 

MHC class II antigens are constitutively expressed 
in PNS white matter, but are induced only after 
injury in CNS white matter 

MHC class II molecules on andgen-presenting cells 
play a key role in presentation of antigens to T cells. 
We examined uninjured and injured optic and sci- 
adc nerves for MHC class II expression 7 days after 
crush injury by immunostaining with the OX-6 anti- 
body. MHC class II (la) andgens were expressed in 
the uninjured sciatic nerve, but not in the uninjured 
optic nerve (Fig. 2). Positive immunostaining was 
observed on scattered interstitial cells. After injury, 
expression of MHC class II antigens was increased in 
the sciatic nerve and induced in the optic nerve. 
Nevertheless, expression of MHC class II antigens in 
the injured optic nerve was much lower than in the 
injured sciatic nerve. These results indicate that the 
white matter of rat PNS constitutively expresses MHC 
class II antigens, in contrast to rat CNS white matter, 
where the expression of MHC class II antigens is 
induced only after injury and is less pronounced. 
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Death of infiltrating T cells in the CNS 1 wk after 
injury 

To examine the possibility that infiltrating T cells die 
in the injured CNS, we performed the in situTJJNEL 
procedure, followed by immunohistochemical anal- 
ysis using anti-TCR antibody. Although TUNEL is 
used to measure apoptotic cell death, it is reasonable 
to assume that it might detect necrotic cell death as 
well, since DNA degradation is an inevitable, albeit 
late, event in this process. Optic and sciatic nerves 
were examined 1 wk after crush injury. Extensive T 
cell infiltration without associated death occurred in 
the injured sciatic nerve (Fig. 3). In contrast, a high 
level of death among the infiltrating T cells was 




Figure 3. In situ detection of TUNEL-reactive cells and 
immunostained T cells in optic and sciatic nerves. Cryosec- 
tions from the same injured optic nerve tissue obtained 1 wk 
after injury were stained for (a) TUNEI^reactive cells and (b) 
T cells. Cryosecdons from the same injured sciadc nerve 
dssue obtained 1 wk after injury were stained for (c) TUNEL- 
reactive cells, and {d) T cells. The arrowheads indicate cells 
that were double-labeled by TUNEL staining and TCR immu- 
nocytochemistry. Cryosections of (e) uninjured optic nerve 
and (/) uninjured sciatic nerve stained for TUNEL-reactive cells. 
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Figure 4, Quanrification of TUNEI^reactive cells in injured 
optic and sciatic nerves. Cryosections were analyzed by 
TUNEL staining 1 wk after injury. The histogram shows the 
mean number of TUNEL-reactive cells ± SE. Statistical anal- 
ysis (ANOVA) revealed significant difference in numbers of 
TUNEL-reactive cells between injured optic nerve and in- 
jured sciatic nerve (P<0.001). 

observed in the injured optic nerve. About 20% of 
the T cells in the optic nerve and less than 2% in the 
sciatic nerve were identified as TUNEL reactive. The 
numbers of TUNEL-reactive cells observed in in- 
jured and uninjured optic and sciatic nerves are 
shown in Fig. 4. Whereas more T cells were observed 
in the sciatic nerve than in the optic nerve after 
injury, the numbers of TUNEL-reactive cells were 
higher in the optic nerve. These results suggest that 
cell death constitutes at least part of the mechanism 
regulating T cell elimination in the injured CNS. 

T cell accumulation in injured and uninjured CNS 
is increased after injection of anti-MBP T cells and 
is accompanied by cell death 

To learn whether T cell elimination also occurs in 
the CNS of rats with EAE, we examined T cell 
accumulation, disappearance, and death in crush- 
injured and uninjured optic nerve tissues of Lewis 
rats injected with anti-MBP T cells. The T cell line 
used for this experiment (T^bp) can home to and 
affect the white matter of the CNS (16). The T cell 
line was activated with MBP for 3 days and then 
injected i.p. (10 X 10^ cells) into rats a few minutes 
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Figure 5. Incre<ised accumulation of T 
cells in injured and uninjured optic 
nerves after injection of Tj^bp cells, 
accompanied by extensive cell death. 
A) At the time of optic nerve crush, 
rats were injected i.p. with 10 X 10® 
activated T^bp cells. Control rats were 
injected i.p. with PBS. Injured nerves 
and the contralateral uninjured 
nerves were removed, cryosectioned, 
and analyzed immunohistochemically 
for the presence of immunolabeled T 
cells. The histogram shows the mean 
number of T cells ± se. Statistical 
analysis (ANOVA) revealed significant 
differences in T cell numbers between 
injured optic nerve of T^Bp-injected 
rats and injured optic nerve of con- 
trol rats on day 3 (P<0.001), day 7 
(P<0.001), day 14 (P<0.001), and day 21 (P<0.01), and between injured and uninjured optic nerves of T^Bp-i ejected rats on 
days 3, 7, 14, and 21 (P<0.001). B) Cell death was assessed by TUNEL staining 1 wk after T^bp cell injection. The histogram 
shows the mean numbers of TUNEI^reactive cells ± SE. Statistical analysis (ANOVA) revealed significant difference in numbers 
of TUNEL-reactive cells between injured and uninjured optic nerve (P<0.001). C) Photomicrographs of (a) injured and (b) 
uninjured optic nerves of Tj^^p-injected rats stained for TUNEL. 




after injury. The injected rats developed EAE within 
3-4 days. Control rats were injected i.p. with PBS. At 
3, 7, 14, or 21 days after injury, both the injured and 
the uninjured optic nerves were excised, cryosec- 
doned, and analyzed immunohistochemically for the 
presence of immunolabeled T cells. Cell death was 
assessed by TUNEL in injured and uninjured optic 
nerves at the peak of T cell accumulation. T cells 
were detected in the injured optic nerve by day 3, 
increased to a peak on day 7, and then decreased in 
number by day 21 (Fig. At all dme points 

examined, the numbers of T cells detected in the 
injured optic nerves of T^Bp-iJ^j^cted rats were sig- 
nificantly greater than in the injured optic nerves of 
PBS-injected rats. Fewer T cells were seen in the 
uninjured nerves of T^Bp-iry^c^^^^i "^^^s* ^^^i^ 
numbers decreased from day 3 to day 21 after the 
injection. No T cells were detected in uninjured 



optic nerves of PBS-injected control rats. Although 
TUNEL-reactive cells were detected in the uninjured 
optic nerves, their numbers were significantly 
greater in the injured optic nerves 1 wk after Tj^bp 
cell injection (Fig. 5B, Q, in correlation with the T 
cell numbers. In both injured and uninjured optic 
nerves of TMBP-iiye<^ted rats, ^30% of the T cells 
were identified as TUNEL reactive (data not shown). 
During the same period, the number of T cells 
declined and the animals recovered from the dis- 
ease. These results suggest that the CNS ability to 
eliminate T cells does not depend on injury. 

Expression of FasL in the white matter of the rat 
nervous system 

Because some tissues appear to require FasL in order 
to exhibit immune-privileged status by killing infil- 
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trating lymphocytes and inflammatory cells (28, 29), 
we examined FasL expression in the rat nervous 
system. RT-PCR analysis of total RNA isolated from 
crush-injured and uninjured optic nerves and sciatic 
nerves showed that FasL mRNA is expressed in both 
the CNS and the PNS white matter, whether injured 
or not (Fig. 6). The PGR product was sequenced and 
was found to be homologous to rat FasL. 

To examine the expression of FasL protein in the 
CNS and PNS white matter, we performed immuno- 
histochemical analyses of uninjured sciatic nerves as 
well as of injured and uninjured optic nerves, using 
anti-FasL antibody. At the same time, we used anti- 
EDl antibody to detect reactive microglia and anti- 
GFAP antibody to detect astrocytes in the injured 
optic nerve (Fig. 7), Intensive FasL staining, corre- 
sponding to the EDl-immunoreactive microglia, was 
detected at the injury site. Staining was weak in the 
uninjured optic nerve, and even weaker in the 
uninjured sciatic nerve (Fig. 7). Different patterns 
and intensities of FasL staining were observed in the 
injured and uninjured optic nerves, suggesting dif- 
ferential states of regulation and possibly a different 
physiological role for FasL under normal conditions 
compared with trauma. 

In an attempt to ascribe FasL immunoreactivity to 
a particular cell type within the optic nerve as a 
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Figure 6. FasL mRNA expression in rat optic and sciatic 
nerves determined by RT-PCR. RT-PCR analysis was per- 
formed on RNA isolated from injured optic nerve (ON), 
injured sciatic nerve (SN), uninjured optic nerve, uninjured 
sciatic nerve, and spleen (positive control); each sample was 
analyzed without the reverse transcriptase enzyme ( — ) to 
exclude the possibility of DNA contamination (negative con- 
trol). FasL was expressed in both rat optic and sciatic nerves, 
as well as in the spleen. RPL19 was used as a control for the 
RT-PCR analysis of the isolated RNA. 




Figure 7. Expression of FasL by optic and sciatic nerves. 
Cryosections taken from (A) injured optic nerve 1 wk after 
injury, (B) uninjured optic nerve, and (Q uninjured sciatic 
nerve were immunostained for FasL using a monoclonal 
antibody detected with a Cy3 antibody. The same injured 
optic nerve tissue (A) was stained with anti-EDl antibody to 
detect activated microglia and macrophages and with anti- 
GFAP antibody to visualize the injury site (lack of GFAP- 
positive astrocytes) detected with a FITC antibody. Staining of 
each of the tissues in the absence of the first antibody was 
negative. 



possible mediator of T cell apoptosis, we analyzed 
primary cultures of astrocytes, microglia, and oligo- 
dendrocytes using anti-FasL antibody and double 
staining with a specific marker for each cell popula- 
tion. The results pointed to the constitutive expres- 
sion of FasL in the primary cultures of CNS glial cells 
(Fig. 8). Similar results were obtained by Western 
blot analysis (Fig. 9). Ghal cell lysates (astrocytes, 
microglia, and oligodendrocytes) (Fig. 9A) and high- 
speed supernatants of extracts obtained from in- 
jured and uninjured optic nerves (Fig. 95) exhibited 
intense immunoreactive bands recognized by mono- 
clonal anti-FasL antibody. Weaker bands were de- 
tected in high-speed supernatants of uninjured and 
injured sciatic nerves (Fig. 9B) . The 40 kDa protein 
observed in the samples seems to be FasL expressed 
on the cell membrane. The identity of the upper 
band at M^SO kDa is not known. It might correspond 
to a soluble form of rat FasL (sFasL) , as reported for 
human FasL (30). 

Taken together, these findings confirm the expres- 
sion of FasL in the white matter of the rat nervous 
system and demonstrate that all CNS glial cells are 
capable of expressing FasL protein. 
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Figure 8. Localization of FasL protein in primary cultures of 
CNS glial cells by immunohistochemical analysis using poly- 
clonal anti-FasL antibody. Double immunostaining was per- 
formed on (A) primary cultures of astrocytes using mouse 
anti-rat GFAP and rabbit ann-rat FasL, (B) primary microglial 
cultures using mouse anti-rat EDI and rabbit anti-rat FasL, and 
(Q primary oligodendrocyte cultures using mouse anti-rat CNP 
and rabbit anti-rat FasL. The mouse antibodies were detected 
using FTTC goat anti-mouse IgG and the rabbit antibody was 
detected using TRTTC goat anti-rabbit IgG. In each case, stain- 
ing of the cells with any of the first mouse antibodies, followed 
by the second anti-rabbit IgG, or staining with the first rabbit 
antibody, followed by the second anti-mouse IgG, or staining 
with the second antibody only, was negative. 

DISCUSSION 

This study demonstrates that the T cell response to 
injury in the CNS differs fundamentally from that in 
the PNS. It has already been established that the 
CNS, unlike the PNS, is an immune-privileged site 
(1, 2) and that the immune-privileged status has 
profound implications for macrophage recruitment 
and activation after axonal injury (31-33). The 
mechanism responsible for immune privilege in the 
CNS is not fully understood, and even less is known 
about the effects of immune privilege under trau- 
matic conditions. We show that the accumulation of 
endogenous T cells is significantly greater after PNS 
trauma than after CNS trauma. Moreover, in con- 
trast to the extensive death of infiltrating T cells in 
the injured CNS and in rats with EAE, hardly any cell 
death was detectable in the T cells accumulating in 
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the injured PNS. We further show that MHC class II 
andgens are expressed by the intact PNS but not by 
the intact CNS, though their expression in the CNS 
can be induced by trauma. Finally, we show that FasL 
is expressed in both CNS and PNS white matter, but 
more strongly in the CNS. 

These findings suggest that T cell-associated im- 
mune reactions occur in the CNS white matter after 
injury and in cases of autoimmune disease. Never- 
theless, the T cells appear to be gradually eliminated. 
Injuries to axons in both die CNS and PNS of 
mammals result in axonal degeneration distal to the 
site of the lesion (Wallerian degeneration). How- 
ever, in contrast to the PNS, axons in the CNS do not 
regenerate (17). In the present study, a similar 
course of T cell accumulation was observed after 
crush injury in the nonregenerative optic nerve and 
in the regenerative sciatic nerve. In the PNS a few 
days after injury, large numbers of T cells were seen 
throughout the nerve, but they disappeared, in tem- 
poral correlation with nerve regrowth. In the CNS, 
however, T cells were recruited in smaller numbers 
and to a more restricted area around the lesion; they 
were barely seen distal to the injury site. The de- 
crease in T cell accumulation observed in the CNS 
from day 7 to day 21 after injury suggests that T cells 
may be eliminated by regulatory mechanisms. The 
nature of these accumulated T cells is unknown. 
However, it was shown in an experimental model of 
spinal cord injury that T cells isolated from spine- 
injured rats are capable of causing neurological 
deficits and histopathological changes similar to EAE 
when injected intravenously into naive animals. Dis- 
ease induction was possible only when the T cells 
were obtained from rats 1 wk postinjury, suggesting 
that the encephalitogenic T cell repertoire triggered 
by the injury is under strict regulation (34). Thus, 
the accumulation of endogenous T cells after CNS 
axonal injury might be a reflection of a systemic 
immune response against self components exposed 
by the injury. 

Our observation that death of infiltrating T cells 
occurs in the CNS after trauma and during sponta- 
neous clinical recovery from EAE, but not in the PNS 
after trauma, supports the notion of immune privi- 
lege in the CNS (1, 12). The similarity in the extent 
of T cell death detected in injured rat optic nerves 
and in uninjured optic nerves of T^up-inj^cted rats 
suggests that the mechanism of T cell elimination in 
the CNS is constitutive and is not dependent on 
injury. Thus, elimination of T cells tiirough cell 
death appears to play a role in terminating immune 
reactions in the CNS, but not in the PNS. Similarly, 
T cell apoptosis was observed in EAE lesions (35-37). 
In cases of autoimmune disease, the CNS was indeed 
shown to have a high potential for elimination of T 
cells through a mechanism of apoptosis that is less 
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Figure 9. Western blot analysis of FasL expression in primary cultures of CNS glial cells and in optic and sciatic nerve high-speed 
supernatants. A) Qualitative analysis of glial cell lysates. Glial cells were cultured, differentiated in vitro, and harvested. Cell 
lysates of 1) astrocytes, 2) microglia, and 3) oligodendrocytes were prepared and subjected to Western blot analysis using 
monoclonal anti-FasL antibody, and 4) each sample was subjected to Western blot analysis using secondary antibody only. B) 
Quantitative analysis of injured and uninjured optic and sciatic nerve high-speed supernatants. High-speed supernatants of 
homogenized injured and uninjured optic and sciatic nerves were prepared and equal amounts of total protein from each 
sample of 1) uninjured optic nerve, 2) injured optic nerve, 3) uninjured sciatic nerve, and 4) injured sciatic nerve were subjected 
to Western blot analysis using monoclonal anti-FasL antibody. The arrow points to FasL protein in the cell membrane. Protein 
analysis of all samples with secondary antibody only was negative. 



effective in the PNS and almost absent in other 
tissues such as muscle and skin (38), The present 
findings do not, however, exclude the possible oper- 
ation of additional mechanisms of T cell regulation 
in the CNS after injury and in autoimmune disease. 
Tolerance of T cells in the CNS may be mediated by 
anergy or suppression in addition to elimination — 
for example, by a shift in the reactive T cell popula- 
tion from CD4+ Thl cells [secreting interferon 7 or 
interleukin 2 (IL-2)] to CD4+ Th2 cells (secreting 
IL4 or IL-10), which are capable of suppressing the 
Thl inflammatory response. Alternatively, T cell 
regulation could be controlled by antigen-presenting 
cells that do not possess the full cohort of secondary 
signals necessary to activate T cells (e.g., B7 costimu- 
latory molecules). For example, MHC class Il-f /B7- 
microglia may ligate the T cell receptor without 
inducing T cell proliferation. This would result in 
functional inactivation of the T cells, or anergy (39). 

The expression of MHC molecules is an important 
factor in the process of antigen recognition by T 
cells. MHC class II molecules are required for anti- 
gen presentation to helper T cells. In line with other 
studies (40, 41), we observed that MHC class II 
antigens (la) are constitutively expressed in the 
intact PNS but not in the intact CNS. In CNS white 
matter, MHC class II molecules appear to be induc- 
ibly rather than consdtutively expressed, i.e., their 
expression seems to be associated with injury. In the 
intact peripheral nerve, resident macrophages and 
fibroblasts are the best candidates to express MHC 
class II antigens (40, 41). Crushing of the peripheral 
nerve may also induce these antigens on Schwann 
cells (42), the main glial element in the PNS. In the 
CNS, expression of MHC molecules is undetectable 
immunohistochemically on both oligodendrocytes 
and neurons (7). Astrocytes and microglia might be 
the cells expressing MHC class II antigens after 
central nerve crush injury, as they are induced to 



express la antigens and to function as antigen- 
presenting cells upon treatment with IFN-7 (9, 43- 
45), Nevertheless, even after injury, the expression of 
MHC class II andgens in the CNS is much weaker 
than in the PNS. This observadon further highlights 
the distinct difference in immunological features 
between the PNS and the immune-privileged CNS. 

The finding that opdc nerve expresses FasL pro- 
tein is in line with reported characterisdcs of im- 
mune-privileged sites and suggests that the Fas-FasL 
pathway may be involved in inducing death of infil- 
traUng lymphocytes in the CNS, as described in the 
eye (28) and the testis (29). However, FasL is also 
expressed, albeit more weakly, in the sciatic nerve, 
indicating that FasL expression is not unique to 
immune-privileged sites. Moreover, we were unable 
to find direct evidence for Fas-mediated T cell cyto- 
toxicity using glial cells expressing FasL. Some cells 
have indeed been shown to possess very high levels of 
surface FasL without being cytotoxic (46). Thus, 
expression of surface FasL may be a necessary but 
not a sufficient condition for Fas-mediated lysis. In 
addition, ligation of Fas on freshly isolated T cells 
has been shown to costimulate cellular activation 
and proliferation. It thus appears that Fas can medi- 
ate opposite effects, depending on the state of T cell 
activation (47). The differences in intensity and 
distribution of FasL expression between the injured 
and the uninjured optic nerve might be attributable 
to a differential subcellular localization of FasL. This 
would be in line with a recent report demonstrating 
that transport of Fas from cytoplasmic stores to the 
cell surface is an important mechanism in p53- 
mediated apoptosis (48). Therefore, it is possible 
that CNS injury and/or autoimmune inflammadon 
can regulate sensitivity to apoptosis by allowing cyto- 
plasmic death receptors to relocate to the cell sur- 
face. The observation of FasL expression in the in 
vitro primary cultures of CNS glial cells is consistent 
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with recent studies showing that FasL is constitutively 
present in human glial cells in vivo (49) and may 
contribute to the pathogenesis of multiple sclerosis 
(50). 

Although many studies have pointed to a role for 
FasL in the control of immune responses by induc- 
tion of apoptosis in infiltrating lymphocytes and 
granulocytes in the eye (28), testis (29), various 
murine and human tumors (51-53), and on thyro- 
cytes in patients with Hashimoto's thyroiditis (54), 
some recent studies have questioned the immuno- 
protective effect of FasL, Allison et al. (55) reported 
that expression of FasL in the pancreatic islets of 
transgenic mice failed to protect these islets against 
allogenic transplant rejection when placed under 
the kidneys of recipient mice. The same study dem- 
onstrated a proinflammatory function of FasL by 
induction of a potent granulocytic inflammatory 
response. Moreover, other recent studies (56, 57) 
have shown that mice deficient in Fas or FasL are 
resistant to induction of EAE, and that this is corre- 
lated with fewer inflammatory infiltrates and fewer 
cells undergoing apoptosis in the CNS of the mutant 
mice. It thus appears that FasL under certain circum- 
stances can mediate apoptosis and under other 
circumstances can mediate activation and prolifera- 
tion of immune cells. Taken together, these findings 
suggest that in the CNS FasL, possibly in conjunction 
with necessary partner molecules, might help to 
prevent immune responses by inducing the death of 
lymphocytes. Other possible functions of FasL, such 
as regulation of homeostasis or of stress responses, are 
not excluded. Additional studies are required to eval- 
uate the specific role of FasL in the nervoias tissue. 

In conclusion, this study demonstrates that the 
immune-privileged CNS, in contrast to the PNS, uses 
both passive mechanisms (e.g., reduced expression 
of MHC class II antigens) and active mechanisms 
(e.g., death of infiltrating T cells) to limit the T cell 
immune response after injury and during spontane- 
ous recovery from EAE. This limitation in T cell 
response may have apparently contradictory effects 
on the CNS. On the one hand, it prevents the 
development of massive inflammation and autoim- 
mune diseases in the CNS. On the other hand, 
however, we have recently showed that increasing 
the autoimmune T cell response at a site of CNS 
injury can reduce the secondary degeneration of 
neurons after a primary axonal injury (58), Thus, 
immune privilege may be beneficial in protecting 
the CNS against remodeling of its neuronal network 
by limiting inflammation, but may be disadvanta- 
geous after injury when some immune responses are 
desirable for CNS recovery. S] 
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Abstract 

Autoreactive T cells are a component of the normal immune system. It has been proposed that some of these autoreactive T cells even 
have a protective function. Recent studies support this notion by demonstrating that (a) myelin basic-protein (MBP-) specific T cells show 
neuroprotective effects in vivo, and (b) activated antigen-specific human T cells and other inunune cells produce bioactive brain-derived 
neurotrophic factor (BDNF) in vitro. Furthermore, BDNF is expressed in different types of inflammatory cells in brain lesions of patients 
with acute disseminated leukoencephalopathy or multiple sclerosis. We postulate that the neuroprotective effect of T cells and other 
immune cells observed in vivo is at least partially mediated by BDNF and other neurotrophic factors. The concept of neuroprotective 
autoimmunity has obvious implications for the therapy of multiple sclerosis and other neuroinmiunological diseases. © 2000 Elsevier 
Science B.V All rights reserved. 
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1. Introduction 

It has long been known that in health and disease, the 
immune system and the nervous system are closely linked 
at different levels. For example, when immune cells attack 
the nervous system, neuroimmunological diseases arise. 
Multiple sclerosis and its animal models provide the 
paradigm for such a deleterious interaction between cells 
of the immune and nervous system. Experimental au- 
toimmune encephalomyelitis (EAE) can be induced by 
active immunization with CNS autoantigens [e.g., myelin 
basic protein (MBP)], or by the transfer of autoanti gen- 
specific T cells into naive syngeneic recipients (Wekerle et 
al, 1994). Recently it was demonstrated that MBP-specific 
T cells may have — seemingly paradoxical — neuro- 
protective (side-)effects (Moalem et al., 1999; Schwartz et 
al., 1999). The mechanisms of the neuroprotective effects 
of T cells and other immune cells are presently unknown. 

A different line of research has revealed that unexpec- 
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tedly, T cells and other cells of the immune system are 
capable of producing neurotrophic factors (Torcia et al., 
1996; Besser and Wank, 1999; Kerschensteiner et al., 
1999). Here we propose that the two lines of investigation 
converge: The observed neuroprotective effects of immune 
cells may at least partially be mediated by their production 
and local secretion of neurotrophic factors. This concept 
would have far reaching consequences for the therapy of 
neuroimmunological diseases, especially multiple sclerosis. 

2. Evidence for a neuroprotective effect of T cells 
and other immune cells 

Autoimmune T cells have been shown to protect neu- 
rons from secondary degeneration after a partial crush 
injury of the optic nerve (Moalem et al., 1999). In a series 
of elegant experiments, T cells specific for MBP, oval- 
bumin (OVA), or a heatshock protein (hsp) peptide were 
activated with their respective antigens in vitro, and then 
injected intraperitoneal ly into rats immediately after unila- 
teral optic nerve injury. Seven days after injury, the optic 
nerves were analysed immunohistochemically for the 
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presence of T cells. Small numbers of T cells were 
observed in the intact (uninjured) optic nerves of rats 
injected with anti-MBP T cells (this would be consistent 
with previous observations that anti-MBP T cells home to 
intact CNS white matter (Naparstek et al., 1983)). A much 
more pronounced accumulation of T cells, however, was 
observed in the crushed optic nerves of the rats injected 
with T cells specific for MBP, hsp peptide, or OVA. 

The degree of primary and secondary damage to the 
optic nerve axons and their attached retinal ganglion cells 
was measured by injecting a neurotracer distal to the site 
of the optic nerve lesion immediately after the injury, and 
again after two weeks (Moalem et al., 1999). The per- 
centage of labeled retinal ganglion cells (reflecting viable 
axons) was significantly greater in the retinas of the rats 
injected with anti-MBP T cells than in the retinas of rats 
injected with anti-OVA or anti-hsp peptide T cells. Thus, 
although all three T-cell lines accumulated at the site of 
injury, only the MBP-specific, autoimmune T cells had a 
substantial effect in limiting the extent of secondary 
degeneration. 

The neuroprotective effect was confirmed by electro- 
physiological studies. On day 14 after injury, the mean 
compound action potential amplitude of the distal segment 
recorded from the injured nerves obtained from rats 
injected with the anti-MBP T cells was 2.5 times larger 
than the potential recorded in control rats. The results 
demonstrate that T-cell autoinmiunity can mediate signifi- 
cant neuroprotection after CNS injury. The authors specu- 
late that after injury, 'cryptic' epitopes might become 
available and might be recognized by endogenous 
nonencephalitogenic (benign) T cells. After local stimula- 
tion, these protective autoreactive T cells could exert their 
neuroprotective effect. The findings further substantiate the 
idea that 'natural autoimmunity' can be benign and may 
even function as a protective mechanism (Cohen, 1992). 

Macrophages seem to represent another type of immune 
cell that is capable of mediating neuroprotection and/or 
stimulating recovery: The injection of activated macro- 
phages into transected rat spinal cord stimulated tissue 
repair and partial recovery of motor function (Rapalino et 
al., 1998). The neuroprotective activity of immune cells is 
not restricted to the CNS. After experimental axotomy of 
the facial nerve of immunodeficient SCID mice, the 
survival of facial motor neurons was severely impaired 
compared to immunocompetent wild type mice (Serpe et 
al., 1999). Reconstitution of SCID mice with wild-type 
splenocytes containing T and B cells restored the survival 
of facial motor neurons in these mice to the level of the 
wild-type controls. 

3. Evidence for the production of neurotrophic 
factors by immune cells 

Outside the nervous system, several types of immune 
cells and hematogenic precursor cells have been shown to 



express one or more neurotrophic factors. For example, 
nerve growth factor (NGF) is produced by B cells, which 
also express the trkA receptor and p75 NGF receptor 
(Torcia et al., 1996). Because neutralization of endogenous 
NGF caused apoptosis of memory B cells, it was con- 
cluded that NGF is an autocrine growth factor for memory 
B cells (Torcia et al, 1996). NGF has been detected also 
in T cells, although a functional role could not be 
demonstrated (Ehrhard et ah, 1993; Santambrogio et al., 

1994) , 

More recently, another neurotrophin, brain-derived neu- 
rotrophic factor (BDNF), was found to be expressed in 
immune cells. BDNF was originally cloned in 1989 
(Leibrock et al., 1989) as the second member of the 
neurotrophin family which includes nerve growth factor 
(NGF) and neurotrophins (NT)-3, -4/5, -6 and -7 (Lewin 
and Barde, 1996). Since then, the important role of BDNF 
in regulating the survival and differentiation of various 
neuronal populations including sensory neurons, cerebellar 
neurons and spinal motor neurons has been firmly estab- 
lished (Lewin and Barde, 1996). Neurons are the major 
source of BDNF in the nervous system (Hofer et al., 1990; 
Lewin and Barde, 1996). It is thought that BDNF and 
NT4/5 exert dieir biological function via the full-length 
form of trkB receptor called gpl45trkB (Klein et al., 
1991), expression of which seems to be restricted to 
neuronal cell populations (Lomen-Hoerth and Shooter, 

1995) . 

In a recent paper, we demonstrated that activated 
human T cells, B cells and monocytes secrete bioactive 
BDNF in vitro (Kerschensteiner et al., 1999). Notably, 
in Thl- and Th2-type CD4'^ T cell lines specific for 
myelin autoantigens such as MBP or myelin-oligoden- 
drocyte glycoprotein (MOG), BDNF production is in- 
creased upon antigen stimulation. The BDNF secreted by 
immune cells is bioactive as it supports neuronal surviv- 
al in vitro (Kerschensteiner et al., 1999). Thus far, 
however, we found no evidence that BDNF acts on 
peripheral human immune cells. This could be explained 
by the fact that immune cells mostly express the trun- 
cated form of the gp95trkB BDNF receptor [previous 
reports indicated that the expression of the full-length, 
signal-transducing form of gpl45trkB is largely restricted 
to neuronal cells, whereas the truncated gp95trkB form 
is widely expressed in non-neuronal tissues (Lomen- 
Hoerth and Shooter, 1995)]. Clearly, the question 
whether BDNF can affect elements of the immune sys- 
tem deserves more detailed study. 

Similar observations were recently reported by several 
other groups of investigators. After experimental injury of 
the sU*iatum activated macrophages and microglia cells 
transcribe mRNA for glial cell line-derived neurotrophic 
factor (GDNF) and BDNF (Batchelor et al., 1999). This 
could help to explain the sprouting of dopaminergic 
neurons observed after experimental injury (Batchelor et 
al., 1999). Further, BDNF was detected in activated 
microglia in the brain lesions of patients with human 
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immunodeficiency virus (HIV) type 1 -associated en- 
cephalitis (Soontornniyomkij et al., 1999). 

Transcripts for BDNF and neurotrophin-3 and their 
receptors trkB and trkC were found in subpopulations of 
human peripheral blood cells (Besser and Wank, 1999). 
BDNF protein was secreted by cultured T cell clones. 
However, a functional effect was not demonstrated, al- 
though the authors detected transcripts for the full-length 
trkB receptor in some, especially Thl type T-cell clones 
(Besser and Wank, 1999). Again, it would be premature to 
dismiss the possibility that neurotrophins have a functional 
role in the immune system. They might be expressed not 
only in circulating inmiune cells but also in resident cells, 
including stromal elements of lymphoid organs. Consistent 
with this notion, several neurotrophins and their receptors 
have recently been demonstrated in human bone marrow 
(Labouyrie et al., 1999). More types of immune cells need 
to be examined for possible functional effects of neuro- 
trophins. 



4, Expression of BDNF in multiple sclerosis lesions 

We hypothesize that the neurotrophic effects of immune 
cells demonstrated in vivo (Moalem et al., 1999; Schwartz 
et al., 1999) are at least partially mediated by neurotrophic 
factors imported' into the CNS by activated immune cells 
(Besser and Wank, 1999; Kerschensteiner et al., 1999). 
Are the postulated neuroprotective effects of inflanmiation 



relevant to human disease? As a first step to answer this 
question, we searched for the expression of neurotrophins 
in inflammatory brain lesions of patients with multiple 
sclerosis and postinfectious acute disseminated leukoence- 
phalitis. Using four different monoclonal antibodies and a 
polyclonal anti-BDNF antiserum, we could indeed demon- 
strate that BDNF is expressed in different types of immune 
cells at different sites in inflanmiatory lesions (Kerschen- 
steiner et al., 1999). BDNF immunoreactivity was ob- 
served in inflammatory cells forming perivascular infil- 
trates in cases of disseminated (postinfectious) leucoence- 
phalitis and multiple sclerosis (Fig. 1). Using serial 
sections, BDNF-positive cells were found to correspond to 
infiltrating mononuclear cells. In multiple sclerosis, 
BDNF-positive lymphocytes and macrophages were not 
restricted to the perivascular localization but found 
throughout the lesion (Fig. 1). Lesional areas with high 
numbers of macrophages actively involved in demyelina- 
tion showed enhanced BDNF immunoreactivity. In in- 
flammatory CNS disease and healthy controls, BDNF was 
also detected in various types of neurons, ependymal cells, 
and weakly in astrocytes. No immunoreactivity was ob- 
served in oligodendrocytes or ramified microglial cells. 

What are the possible consequences of neurotrophic 
factors expressed by immune cells in inflanmiatory le- 
sions? There are several possibilities. First, the imported' 
BDNF could support neuronal survival and enhance neuro- 
nal and axonal repair. If this mechanism occurs in multiple 
sclerosis lesions, it is clearly insufficient in the long run, as 
axonal and neuronal injury are important features of the 




Fig. 1. Immunolocalization of BDNF in inflammatory brain lesions in multiple sclerosis. a,b: Perivascular infiltrate in a multiple sclerosis plaque 
containing inflammatory cells stained with a monoclonal antibody against BDNF (red). BDNF-positive mononuclear cells are found not only at 
perivascular sites, but also in the plaque parenchyma (arrows); (a: X400, b, XlOOO). 
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pathology (Ferguson et al., 1997; Trapp et al., 1998). 
Second, locally produced neurotrophins might affect re- 
myelination. Indeed, BDNF and NT-3 have been shown to 
induce oligodendrocyte proliferation and myelination of 
regenerating axons in experimental spinal cord lesions 
(McTigue et a!., 1998). Third, the neurotrophins produced 
by inflammatory cells could have beneficial immuno- 
regulatory effects, eidier by acting on other inflammatory 
cells or on microglia and astroglia. Several neurotrophic 
factors, including BDNF, were shown to inhibit the 
inducibility of MHC class II on microglia (Neumann et al., 

1998) . Further, some neurotrophic factors downregulate 
costimulatory molecules on microglia (Wei and Jonakait, 

1999) . 

The concept of the neuroprotective role of inflammation 
can be extended to neurodegenerative, ischemic and 
traumatic lesions of the nervous system, considering that 
inflammation is a universal tissue reaction crucial for 
defense and repair (Wekerle et al., 1986; Perry et al., 1993; 
Moser, 1997; Hirschberg et al, 1998; Ransohoff and Tani, 
1998) 



5. Implications for therapy 

According to current opinion, the treatment of multiple 
sclerosis has two major objectives, namely (a) suppression 
of the inflammatory process, and (b) restoration and 
protection of glial and neuronal function (Compston, 
1994). The potential neuroprotective function of inflamma- 
tory cells is relevant to both these treatment goals. 

5.1. Import' of neurotrophic factors via immune cells 

A number of studies have shown that the administration 
of BDNF protein or the BDNF gene can rescue injured or 
degenerating neurons and induce axonal outgrowth and 
regeneration (Yan et al., 1992; Thoenen et al., 1994; 
Gravel et al., 1997; Kobayashi et al., 1997; McTigue et al., 
1998). Furthermore, BDNF had beneficial effects in sever- 
al animal models of neurodegenerative diseases (Mit- 
sumoto et al., 1994). Difficulties in delivering sufficient 
amounts of BDNF to the site of CNS lesions have so far 
hampered the successful application of BDNF and other 
neurotrophic factors for treatment of human diseases 
(Sagot et al., 1997). One promising novel strategy for the 
delivery of neuroprotective factors relies on the (retroviral) 
transduction of one or several neurotrophic factors into 
antigen-specific T cell lines (Kramer et al., 1995). As the 
transduced T cells are specific for an autoantigen expressed 
in the nervous system, they home to the sites where the 
relevant autoantigen is expressed, recognize their antigen 
and are then stimulated locally to secrete neurotrophic 
factor(s) (Kramer et al., 1995). The results discussed here 
indicate that this experimental strategy has a natural 



counterpart. However, it appears that the neurotrophins 
secreted by immune cells under natural conditions are 
often insufficient to prevent injury. It will therefore be 
worthwhile to further refine the strategies to transduce 
neurotrophic factors into immune cells and to exploit the 
homing properties of the immune cells for targeting 
neuroprotective factors into the nervous system (Kramer et 
al., 1995; Flugel et al., 1999). 

5.2. Implications for immunosuppressive and 
immunomodulatory therapy 

It seems likely that the nonselective immunosuppressive 
treatments that have been used for the treatment of 
multiple sclerosis eliminate the neuroprotective (benign) 
autoimmune cells along with the autoaggressive offenders. 
This may be one of the reasons why treatment with 
nonselective immunosuppressive agents often fails to have 
a convincing clinical benefit (Hohlfeld, 1997; Noseworthy 
et al., 1999). Undebatably, there is a convincing rationale 
for immunosuppressive treatment in situations when the 
noxious effects of inflammation prevail. However, im- 
munosuppressive therapy is likely to fail when the benefi- 
cial effects of the inflammatory reaction outweigh its 
negative consequences. In multiple sclerosis it is unfor- 
tunately unclear whether there is a stage of the disease 
when the inflammatory reaction is more beneficial than 
harmful. Further studies of the expression of BDNF and 
other neurotrophins and their receptors in multiple 
sclerosis lesions may help to define such stage(s). 

More recent treatment strategies, most of them still 
experimental, attempt to modulate the autoimmune re- 
action selectively. The proposed treatments target various 
immune molecules, such as cytokines, adhesion molecules, 
co-stimulatory molecules and last but not least, the tri- 
molecular complex of T-cell recognition (e.g., by applica- 
tion of altered peptide ligands or by vaccination with T 
cells or T-cell receptor peptides; reviewed in (Hohlfeld, 
1997)). Autoreactive, myelin-specific T cells are known to 
be functionally heterogenous (Meinl et al,, 1997). In the 
future, it will be important to learn how to preserve or even 
enhance the proposed neuroprotective function of the 
'benign' autoreactive T cells during immunomodulatory 
intervention. 
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